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FOREWORD 


The  papers  included  in  this  part  of  the  Anthology  were  presented  over  the  years  as  contributions  to  the 
development  of  standards  on  surge  protection  and  are  listed  in  chronological  order.  The  purposes  of  these 
papers  were  either  to  support  a proposal  for  developing  a new  standard,  or  to  suggest  that  a proposed 
standard  might  not  be  justified.  Several  of  these  were  joint  ventures  with  geographically  close  or  distant 
IEEE  or  IEC  colleagues,  but  all  sharing  the  same  interest.  Their  participation  in  this  effort  should  be 
recognized  and  is  acknowledged  by  the  co-author  identifications  shown  in  the  listing  of  the  table  of  contents. 
Furthermore,  in  recognition  of  the  many  contributions  known  to  the  author  that  were  made  by  other 
researchers,  Annex  A provides  the  annotated  list  of  their  papers.  For  obvious  copyright  limitations,  these 
papers  from  other  researchers  cannot  be  reprinted  here.  Several  of  the  pre-1985  papers  included  in  this 
Part  2 were  copyrighted  by  the  publishers,  who  graciously  gave  permission  for  reprinting.  The  post-1985 
papers,  published  while  on  the  staff  of  a Federal  agency,  are  not  subject  to  U.S.  copyright. 

The  Annotated  Bibliography  was  initially  compiled  by  the  author  as  a contribution  to  the  IEEE  “SPD  Trilogy" 
of  the  Surge-Protective  Devices  Committee  (a  set  of  three  standards  on  the  surge  environment).  This  initial 
compilation  is  now  complemented  with  additional  relevant  papers  and  reports  written  by  the  author. 
Undertaking  a listing  of  “relevant  papers”  entails  the  risk  of  offending  researchers  whose  papers  might  have 
been  overlooked  in  the  compilation.  However,  in  addition  to  this  printed  format  (available  from  the  U.S. 
Superintendent  of  Documents),  this  Part  2 is  also  available  on  the  Web,  thus  opening  the  door  for 
suggestions  of  additional  entries  for  periodic  updates  of  the  listing.  The  Web  version  includes  an  html  file 
of  the  complete  collection  of  the  Part  2 papers,  which  is  searchable  for  any  word,  with  built-in  links  allowing 
display  of  the  paper  itself  in  pdf  format.  The  site  URL  for  the  complete  Anthology,  in  its  several  Parts,  is: 
http://www.eeel.nist.gov/811/spd-ainthollogy/ 


- in  - 


Frangois  Martzloff 
March  2002 
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Significance: 

Part  2 Development  of  standards  - Reality  checks 
Part  6 Textbooks  and  tutorial  reviews 

One  of  the  first  papers  addressing  the  issues  of  surge  protection  in  low-voltage  AC  power  circuits,  making 
a proposal  for  a departure  from  the  traditional  unidirectional  and  separate  1 .2/50  and  8/20  waveforms,  on 
the  basis  of  the  results  of  monitoring  the  occurrence  of  surges  in  these  circuits.  Nevertheless,  the  concept 
is  emphasized  that  surge  test  waveforms  should  not  attempt  to  duplicate  the  environment,  but  only  to  apply 
“representative”  waveforms  and  levels  that  will  demonstrate  the  equipment  withstand  capability. 

The  proposal  also  included  the  concept  of  establishing  first  a level  of  surges  that  will  not  be  exceeded, 
thanks  to  the  application  of  appropriate  SPDs,  and  only  then  designing  equipment  that  will  withstand  level 
higher  than  the  allowable  level  of  surges.  This  was  nothing  new,  having  been  applied  successfully  in  the 
high-voltage  utility  environment.  However,  the  proposal  was  new  for  the  low-voltage  community. 

Unfortunately,  the  fait  accompli  of  equipment  being  designed  and  placed  on  the  market  without  such 
coordination  prevented  application  of  that  proposal.  Thus,  industry  is  left  with  the  situation  where  equipment 
failures  under  surge  conditions  can  occur,  after  which  remedies  must  be  found  as  retrofits. 

In  1 975,  the  following  statement  appeared  in  the  paper  and  should  be  kept  in  mind  when  questions  arise  on 
the  selection  of  “representative  waveforms"  in  IEEE  Std  C62.41.2: 

These  BIL  amplitudes,  while  assigned  somewhat  arbitrarily,  were  (and  are)  kept  in  touch  with  reality  by  the 
fact  that  equipment  designed  in  accordance  with  standards  do  not  fail  when  exposed  to  surges  produced  by 
lightning,  in  contrast  to  equipment  designed  prior  to  the  development  of  the  philosophy  of  insulation 
coordination  and  the  establishment  of  standard  BILs. 
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ABSTRACT 

Failure  and  circuit  upset  of  electronic  equipment 
due  to  transients  is  a problem  now  and  is  one  which 
has  promise  of  becoming  more  of  a problem  in  the 
future  as  trends  continue  toward  miniaturization  and 
circuit  complexity.  Protection  methods  are  used  more 
or  less  extensively  and  often  haphazardly. 

At  present,  there  does  not  appear  to  be  a clear  approach 
toward  achieving  compatibility  between  the  transient  with- 
stand capability  of  devices  and  the  transients  to  which  such 
devices  are  exposed.  A more  scientific  approach  is  needed  to 
guide  manufacturers  and  users  of  equipment. 

The  purpose  of  this  paper  is  to  promote  a concept 
of  transient  coordination  for  electronic  and  other  low- 
voltage  equipment  through  the  establishment  of  a sys- 
tem of  Transient  Control  Levels,  similar  to  the  con- 
cept of  Basic  Insulation  Levels  so  successfully  used 
for  many. years  in  the  electric  power  industry.  Specific 
suggestions  for  possible  Transient  Control  Levels  and 
standard  test  wave  shapes  are  made,  in  order  to  pro- 
mote wide  discussion  as  to  whether  these  waveforms 
and  levels  are  the  best  that  can  be  developed  toward 
good  transient  coordination  for  the  electronic  industry. 

INTRODUCTION 

Failure  and  circuit  upset  of  electronic  equipment  due  to 
transients  is  a problem  now  and  is  one  which  has  promise  of 
becoming  more  of  a problem  in  the  future  as  trends  continue 
toward  miniaturization  and  circuit  complexity.  At  present, 
there  does  not  appear  to  be  a clear  approach  toward  achiev- 
ing compatibility  between  the  transient  withstand  capability 
of  devices  and  the  transients  to  which  such  devices  are 
exposed.  This  situation  appears  somewhat  as  illustrated 
on  Figure  1.  A similar  situation  prevailed  many  years  ago  in 
the  electric  power  industry.  Transients  produced  by  light- 
ning frequently  caused  failure  of  such  vital  and  expensive 
power  equipment  as  transformers  and  generators.  Those 
transient  problems  were  solved  by  engineering  design 
guided  by  the  concept  of  insulation  coordination  and  the 
establishment  of  a series  of  Basic  Insulation  Levels  (BIL’s). 


Paper  F 75  466-3,  recommended  and  approved  by  the  IEEE  Surge 
Protective  Devices  Committee  of  the  IEEE  Power  Engineering  Society  for 
presentation  at  IEEE  PES  Summer  Meeting,  San  Francisco,  Calif.,  July 
20-25,  1975.  Manuscript  submitted  February  3,  1975;  made  available  for 
printing  April  28,  1975. 


The  purpose  of  this  paper  is  to  promote  a concept  of 
transient  coordination  for  electronic  and  other  low-voltage 
equipment  through  the  establishment  of  a system  of  Tran- 
sient Control  Levels  (TCL’s),  similar  to  the  concept  of 
BIL’s  so  successfully  used  for  many  years  in  the  electric 
power  industry.  In  the  following  sections,  specific  sugges- 
tions for  possible  standard  Transient  Control  Levels  and 
standard  test  wave  shapes  will  be  made.  While  the  wave- 
forms here  suggested  are  chosen  somewhat  arbitrarily,  they 
are  well  grounded  in  physical  reality.  The  purpose  of  mak- 
ing such  suggestions  is  to  promote  wide  discussion  as  to 
whether  these  waveforms  and  levels  are  the  best  that  can  be 
developed,  or  if  indeed  the  establishment  of  such  standards 
is  the  best  way  to  promote  good  transient  coordination  for 
the  electronics  industry.  The  ultimate  purpose  of  any  system 
of  transient  coordination  would  be  to  achieve  greater 
product  reliability  at  minimum  cost  to  the  user. 


USER 


EQUIPMENT 


TRANSIENTS 
MAY  BE 
ANYWHERE 
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REGION 


nx 
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WITHSTAND  LEVEL 
(NO  PROBLEM) 


A WALL  FORMED  BY  IGNORANCE  AND  AN  ATTITUDE 
OF  "IT’S  YOUR  RESPONSIBILITY  AND  NOT  MINE* 


Fig.  1.  The  present  situation. 


AN  EXAMPLE  OF  THE  PROBLEM 

TCL  concepts  would  be  of  benefit  to  all  users  of 
electronic  and  other  low  voltage  equipment,  such  as 
railroad,  telephone,  power,  oil  industry,  aircraft, 
and  high  frequency  communications.  The  source  of 
transients  to  which  equipment  is  exposed  may  be  either 
external  (lightning  and  power  system  switching)  or  in- 
ternal (switching  of  inductive  loads,  contactor  restrikes 
or  cross  talk  from  adjacent  circuits).  While  the  con- 
cept of  TCL’s  is  intended  to  apply  to  the  full  spec- 
trum of  frequencies  and  voltages  (DC,  120  V,  60  Hz 
AC,  400  Hz)  the  problem  of  transient  coordination  will 
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here  be  illustrated  by  discussion  of  120  volt  AC  systems 
intended  for  consumer  and  residential  use.  During  the  intro- 
duction of  electronic  equipment  into  consumer  appliances 
and  other  residential  use,  the  importance  of  transient  coordi- 
nation was  not  always  sufficiently  recognized.  In  some 
cases,  excessive  failure  rates  occurred  as  a result  of  tran- 
sients having  amplitudes  greater  than  the  withstand  level  of 
the  equipment. 

In  residential  circuits,  transients  can  occur  from  two  main 
sources:  internally,  from  the  switching  of  appliances,  and 
externally,  most  typically  from  the  effects  of  lightning.  One 
study  of  internally  generated  transients1  has  indicated  that  in 
about  three  percent  of  U.S.  households  transients  greater 
than  1200  volts  occur  one  or  more  times  per  week.  Several 
studies  have  been  made  of  externally  generated  transients. 
One  such  study2  indicates  two  percent  of  recorded  transients 
exceed  1500  volts.  The  data  also  indicate  that  at  the  location 
studied,  approximately  two  surges  per  year  would  exceed 
1000  volts.  Field  experience1  indicated  that  a 100:1  drop 
occurred  in  the  failure  rate  of  clock  motors  when  the  with- 
stand level  was  increased  from  2000  to  6000  volts.  These 
data  indicate  that  the  exposure  rate  to  surges  of  2000-volt 
amplitude  was  sufficient  to  be  of  concern,  but  that  surges 
exceeding  6000  volts  were  quite  rare,  at  least  on  a national 
basis.  Another  study3  showed  that  during  two  weeks  of 
monitoring  in  a lightning-prone  area,  several  surges  exceed- 
ing 2000  volts  were  recorded,  with  the  maximum  recorded 
being  5600  volts.  Experience  with  field  trials  of  Ground 
Fault  Circuit  Interrupters  sponsored  by  NEMA  and  the 
Underwriters’  Laboratory4,  when  correlated  with  the  known 
nuisance  trip  level  of  the  devices  and  the  observed  number 
of  trips5,  would  indicate  an  occurrence  frequency  of  perhaps 
one  surge  per  7 years  above  2000  volts  per  household. 

Most  residential  wiring  systems  are  constructed  in  such  a 
manner  that  the  various  wiring  boxes  will  flash  over  if  they 
are  exposed  to  surges  greater  than  5 to  10  kV.  This  means 
that  the  amplitude  distribution  will  be  chopped  at  5 to  10  kV. 

Based  on  these  admittedly  scattered  and  tentative 
numbers,  it  appears  that  the  typical  residential  circuit  will  be 
exposed  to  surges  of  magnitude  and  frequency  of  occurrence 
as  illustrated  in  Figure  2. 

The  magnitude  of  the  transients  produced  on  120 
volt  power  lines,  however,  is  not  of  importance  ex- 
cept as  it  relates  to  the  vulnerability  level  of  the  equip- 
ment connected  to  such  lines.  “Vulnerability”  is  defined 
here  as  the  level  that  causes  an  irreversible  and  un- 
desirable change  (usually  failure)  in  a device.  A 
corollary  term  is  susceptibility,  or  that  level  which 
causes  temporary  malfunction  of  the  device.  The 
susceptibility  level  cannot,  by  definition,  be  higher 
than  the  vulnerability  level.  Rectifier  diodes  and 
similar  semiconductors  do  not  have  any  particular 
susceptibility  level;  they  either  fail  or  do  not  fail  when 
exposed  to  transients.  Active  semiconductor  devices 
or  a control  system  operated  by  a mini-computer 
system  might  be  a different  story.  It  is  quite  possible 


Fsg.  2.  Exposure  of  residential  circuits  to  surge  (Number  of  surges  vs 
highest  surge  at  any  one  location) 

that  transients  of  a low  level  interfere  with  the  opera- 
tion of  the  mini-computer,  causing  it  to  give  incorrect 
results  without  causing  permanent  physical  damage. 
The  vulnerability  level  of  such  a mini-computer  will 
be  higher  than  the  susceptibility  level.  Both  levels 
must  be  higher  than  the  normal  operating  level  of  the 
computer  logic  elements  or  input/output  terminals. 

The  transient  breakdown  level  or  vulnerability  of  semi- 
conductors is  not  presently  a part  of  any  industry  accepted 
rating  system.  The  vulnerability  level  is  furthermore  not 
inherently  related  to  the  normal  operating  voltage  or  peak 
inverse  voltage  (PFV)  level.  As  examples,  consider  the  data 
of  Table  I.  During  this  investigation,  power  diodes  were 
subjected  to  unidirectional  transient  voltages  cresting  in  a 
few  microseconds.  The  voltages  at  which  failure  occurred 
are  seen  to  have  little  correlation  to  the  nominal  PFV  rating. 

Similar  data  have  been  accumulated  for  many  semi- 
conductors, particularly  when  semiconductors  are 
exposed  to  very  short  transients,  characteristic  of 
those  produced  by  nuclear  weapons  (NEMP).  Such  in- 
formation has  not  been  widely  reported. 


TABLE  I 

Transient  Vulnerability  Levels 
Typical  1A  Silicon  Diodes 


Diode 

PIV 

Failure  Level  Under 

Number 

Rating 

Reverse  Impulse* 

Volts 

Volts 

1 

200 

1100-  1500 

2 

400 

1400-  1500 

3 

600 

1400-  1600 

*Breakdown  observed  when  exposed  to  a unidirectional  surge  rising 
at  1000  volts  per  microsecond. 


121 


5 


Clearly,  surges  occur  with  amplitudes  greater  than  the 
vulnerability  of  the  indicated  semiconductors.  The 
frequency  of  occurrence  of  such  damaging  surges, 
while  small  on  an  individual  basis,  may  be  unac- 
ceptably high  on  a product  line.  The  transient  ampli- 
tudes, of  course,  could  be  reduced  by  the  use  of  suit- 
able protective  devices.  Likewise,  the  vulnerability 
levels  of  the  diodes  to  transients  could  be  raised.  Some 
questions  now  present  themselves,  all  having  to  do  with 
the  question  of  who  should  assume  what  part  of  the  job 
of  providing  transient  coordination. 

a)  Should  it  be  the  responsibility  of  the  user  to  control 
transients  to  levels  that  do  not  damage  equipment 
supplied  by  vendors? 

b)  Should  it  be  the  responsibility  of  the  manufacturer  to 
provide  equipment  that  will  not  be  damaged  by  the 
naturally  occurring  transients? 

c)  If  it  is  the  responsibility  of  the  user  to  control  tran- 
sients, to  what  level  should  he  control  them  — the 
published  operating  levels  (in  this  case  the  published 
PIV  levels)  or  some  other  level  higher  than  the 
operating  level  but  below  the  vulnerability  level? 

d)  If  it  is  the  responsibility  of  the  vendor  to  provide 
surge-proof  equipment,  what  level  of  transient 
voltage  and  transient  energy  must  he  anticipate? 

Similar  questions  can  be  asked  for  all  product  lines: 
consumer,  industrial,  and  military,  and  at  all  levels  of 
operating  voltage. 

INSULATION  COORDINATION 
IN  THE  ELECTRIC  POWER  INDUSIRY 

Similar  questions  occurred  many  years  ago  during  the 
development  of  the  electric  power  industry  at  a time  when 
the  art  of  designing  equipment  to  withstand  the  effects  of 
lightning  was  in  its  infancy.  The  nature  of  the  transients,  the 
level  of  insulation  to  be  used,  or  what  should  be  expected  of 
the  designers  of  transmission  lines  and  lightning  arresters 
was  not  clear. 

Those  transient  problems  have  largely  been  eliminated 
today  by  proper  engineering  design  on  a system-wide  basis. 
The  evolution  of  insulation  coordination  in  the  electric 
power  industry,  while  it  can  be  only  very  briefly  described 
here,  may  be  of  benefit  to  the  electronic  industry. 

First,  the  type  of  transients  produced  by  lightning  on 
transmission  lines,  their  magnitude  and  wave  shape  were 
measured.  This  was  not  easy  in  the  days  of  cold-cathode 
oscilloscopes  employing  50  kV  accelerating  voltages.  Even 
today  with  vastly  improved  instrumentation,  such  investiga- 
tions are  expensive  and  time-consuming  to  make.6  Yet,  on 
the  basis  of  very  limited  testdata,  a standard  voltage  test 
wave  was  derived,  the  familiar  1.5  X 40  jxs  wave.  Similar 
investigations  in  other  countries  led  to  the  establishment  in 
Europe  of  the  1 X 50  |xs  impulse  wave.  International 
standardizing  activities  have  now  produced  the  1.2  X 50  p,s 
impulse  wave,  a test  wave  used  throughout  the  world  for 


coordination  of  insulation  protection.  It  was  never  pre- 
tended, however,  that  naturally  occurring  surges  were  of  this 
type,  only  that  the  rise  and  fall  times  of  the  natural  surges 
were  in  the  vicinity  of  the  above  values. 

The  next  stage  in  the  process  of  insulation  coordination 
was  the  establishment  of  a series  of  standard  test  and  design 
levels,  BIL’s.  For  example,  equipment  designed  for  opera- 
tion on  1 15-kV  systems  was  assigned  a BIL  of  550  kV.  The 
designer  of  equipment  to  be  used  on  115  kV  systems  then 
was  required  to  provide  an  insulation  structure  that  would 
withstand  550  kV.  The  level  of  550  kV  was  derived  on  the 
premise  that  existing  lightning  arresters  could  be  used  to 
control  the  transients  applied  to  that  apparatus  to  less  than 
550  kV.  The  proper  design  of  the  insulation  system  was  next 
demonstrated  by  subjecting  the  apparatus  in  the  laboratory 
to  a surge  of  1.5  X 40  jxs  wave  shape  and  a peak  amplitude 
of  550  kV  . Frequently  it  was  part  of  the  purchase  agreement 
that  the  equipment  had  to  successfully  pass  the  laboratory 
test.  If  the  equipment  failed,  it  had  to  be  rebuilt  or  re- 
designed. Conversely,  it  became  the  responsibility  of  the 
user  to  insure  that  no  surge  greater  than  550  kV  was  ever 
applied  to  the  apparatus. 

As  a result,  power  equipment  achieves  its  resistance  to 
lightning-induced  transients  not  so  much  by  being  designed 
to  the  threat  that  might  be  posed  by  lightning,  but  by  the 
threat  that  will  be  posed  by  an  acceptance  test.  This  accep- 
tance test  does  not  subject  the  equipment  to  transients  hav- 
ing the  complex  wave  shapes  produced  by  lightning,  but 
instead  to  transients  having  elementary  wave  shapes  that  can 
be  produced  by  basically  simple  test  apparatus.  Neither  does 
the  acceptance  test  subject  the  equipment  to  transients  of  the 
amplitude  produced  by  lightning.  However,  it  subjects  the 
equipment  to  transients  of  amplitude  consistent  with  the 
capabilities  of  existing  surge-protective  devices. 

These  amplitudes,  the  BIL’s  while  assigned  somewhat 
arbitrarily,  were  (and  are)  kept  in  touch  with  reality  by  the 
fact  that  equipment  designed  in  accordance  with  standards 
does  not  fail  when  exposed  to  surges  produced  by  lightning, 
in  contrast  to  equipment  designed  prior  to  the  development 
of  the  philosophy  of  insulation  coordination  and  the  estab- 
lishment of  standard  BIL’s. 

The  test  and  design  levels,  the  BIL’s,  are  not  necessarily 
fixed.  As  better  protective  devices  are  developed,  the  levels 
may  be  lowered  so  that  reliable  equipment  can  be  built  at 
lower  cost. 

Electronic  and  control  equipment,  on  the  other  hand,  is  all 
too  often  designed,  built,  and  delivered  before  the  existence 
of  a transient  threat  is  recognized.  If  transients  turn  out  to 
endanger  the  equipment,  there  may  be  no  adequate  surge 
protective  devices.  There  may,  in  fact,  not  be  any  satisfac- 
tory answer  to  the  problem  posed  by  transients. 

THE  TRANSIENT  CONTROL  LEVEL  CONCEPT 

One  way  in  which  transient  compatibility  might  be 
achieved  in  the  electronics  industry  is  to  establish  a 
transient  coordination  system  similar  in  concept  to  the  BIL 
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system,  but  of  a nature  more  adapted  to  the  requirements  of 
electronic  and  control  equipment. 

In  this  paper,  such  a concept  is  called  the  Transient 
Control  Level  (TCL)*  concept.  Specifically,  it  is  hereby 
proposed: 

a)  That  there  be  defined  for  electronic  equipment  (and 
other  low-voltage  equipment)  a standard  transient 
voltage  similar  in  concept  to,  but  different  in  wave 
shape  from  the  1.2  X 50  jxs  wave  used  in  coordina- 
tion of  insulation  in  high-voltage  power  apparatus. 

b)  That  there  be  defined  for  electronic  (and  other  low- 
voltage)  equipment  a series  of  TCL’s  similar  in 
concept  to  the  BIL’s. 

c)  That  a start  be  made  on  assigning  one  of  these 
standard  levels  to  individual  electronic  components 
and  electronic  devices. 

d)  That  individual  protective  devices  be  rated  in  terms 
of  their  ability  to  control  transients  to  levels  no 
greater  than,  and  preferably  lower  than,  one  of  the 
above  levels. 

e)  That  equipment  and  procedures  be  developed  by 
which  equipment  may  be  tested  by  vendors  to 
determine  which  TCL  is  appropriate  to  assign  to 
individual  components  and  equipment. 

f)  That  TCL’s  begin  to  be  used  in  purchase  specifica- 
tions. 

g)  That  such  equipment  and  procedures  be  used  by 
purchasers  to  evaluate  vendor-supplied  equipment  to 
determine  its  compliance  with  such  purchase 
specifications. 

h)  That  such  TCL’s  begin  to  appear  in  regulatory 
specifications  for  consumer  apparatus  in  which  the 
consumers  cannot  make  the  appropriate  tests  or 
prepare  appropriate  specifications. 

Suggested  TCL  Voltage  Wave  Shape 

The  wave  shape  suggested  for  the  TCL  concept  (with  the 
understanding  that  discussion  and  presentation  of  alterna- 
tives is  actively  encouraged)  is  shown  on  Figure  3.  Shown 
are  both  proposed  open-circuit  voltage  and  short-circuit 
current  waveforms,  since  the  question  of  the  impedance  of 
the  source  from  which  voltage  surges  derive  must  ultimately 
be  considered.  These  shapes  are  different  from  the  long- 
established  1.2  X 50  (as  wave  employed  in  the  BIL  rating 
system  for  electric  power  apparatus  because  none  of  the 
recorded  transients  exhibited  this  type  of  wave  shape  on 
120- volt  AC  circuits.  The  type  of  transient  most  frequently 
recorded  appeared  of  an  oscillatory  nature,  very  strongly 
damped,  and  in  a frequency  range  between  100  and 
500  kHz. 

Independent  work  on  the  resonant  frequency  of 
power  systems  previously  indicated  a range  of  150  to 
500  kHz  as  being  the  natural  frequency  of  typical  resi- 
denial  sytems.7  Other  investigations  indicate  that  a 


lower  limit  of  5 kHz  might  be  more  typical.8  Thus,  it  appears 
that  the  observed  transients  are  not  at  all  typical  of  lightning 
surges  propagated  directly  into  the  system  but  are  rather  the 
response  of  the  power  system  to  an  initial  excitation  caused 
by  a nearby  lightning  stroke.  The  internally  generated  tran- 
sients due  to  switching  operations  typically  are  of  the  same 
basic  type  as  those  produced  by  the  indirect  effects  of  light- 
ning. The  observed  transients  are  in  each  case  more  nearly 
the  result  of  the  natural  oscillatory  response  of  the  local 
wiring  system,  in  this  case  the  wiring  system  of  typical 
residences.  Similar  surge  wave  shapes  have  been  encoun- 
tered in  a wide  variety  of  other  systems,  ranging  from  air- 
planes to  space  booster  rockets.9, 10  Typical  examples  of 
recorded  transient  wave  shapes  are  given  in  the  Appendix. 
The  great  bulk  of  the  recorded  transients  exhibit  a faster 
front  time  and  shorter  decay  time  than  do  the  transients 
produced  by  lightning  on  high-voltage  power  lines,  the 
1.2  X 50  |xs  type  of  wave. 

Switching  transients  in  air  break  contacts  (internally 
generated  transients)  can  produce  rise  times  in  the  order  of 
10  to  100  ns.  Although  this  steepness  attenuates  rapidly  with 
distance,  the  typical  front  time  is  still  less  than  1.2  jxs.  For 
some  types  of  devices  (rectifier  diodes)  the  wave  shape  is  of 
secondary  importance,  with  only  the  peak  magnitude  being 
important.  For  other  types  of  apparatus  (inductive  devices 
such  as  motors),  the  front  time,  or  more  correctly  the  rate  of 
change,  is  of  importance  equal  to  that  of  the  peak  magnitude. 
In  still  other  types  of  devices  (surge  protective  devices),  the 
total  energy  content  of  the  surge  is  of  most  importance. 

Current  Wave  Shapes  and  Source  Impedances 

The  characteristics  of  short-circuit  current  wave  shapes 
are  less  well  known  than  those  of  open-circuit  voltage.  The 
short-circuit  current  is  of  importance  both  for  evaluation  of 
surge  protective  devices  and  for  equipment  of  low  input 
impedance  such  as  lower  voltage  semiconductor  devices.  In 
any  discussion  of  test  wave  shapes  and  test  levels,  it  is 
important  to  recognize  the  natural  response  of  the  device  in 
the  test.  It  is  inappropriate  to  prepare  a specification  that 
implies  that  a specified  voltage  must  be  developed  across  a 
device  of  low  input  impedance,  such  as  a spark  gap  after  it 
has  broken  down,  or  to  seemingly  require  that  a specified 
short-circuit  current  be  produced  through  a high  input 
impedance,  such  as  the  line-to-ground  insulation  of  a relay 
coil.  The  characteristics  of  short-circuit  currents  are  poorly 
defined  because  the  impedance  of  the  circuits  from  which 
transients  are  produced  is  poorly  defined  or  unknown. 

For  purposes  of  discussion,  it  is  suggested  that 
two  different  types  of  impedance  be  considered,  one 
independent  of  frequency  (resistive  source  impedance 
or  classical  surge  impedance,  Z=  vL/C),  and  one  of 
simple  inductive  source  impedance.  The  waveform 
shown  on  Figure  3b  assumes  a source  impedance  of 


* The  TCL  concept  was  first  proposed  by  one  of  the  authors  (F.  A.  Fisher) 

1 2 

in  regard  to  electronic  equipment  on  the  Space  Shuttle. 
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a)  Open-circuit  voltage 

t,  = 0.25  jis  A2$  507®  A, 
t2  ^ 5 /*s 


b)  Short-circuit  current 

A 3 computed  from  source  impedance 
See  Table  H 


Fig.  3.  Proposed  TCL  wave  shapes. 


10  jjlH.  Again,  for  purposes  of  discussion,  it  is  proposed  that 
a resistive  source  have  an  impedance  of  50  ohms,  and  an 
inductive  source  have  an  impedance  of  10  mH. 


Voltage  and  Current  Levels 

Central  to  the  success  of  the  BIL  system  of  insulation 
coordination  is  the  fact  that  only  a limited  number  of  BIL’s 
were  established,  arranged  in  a generally  geometric  order  of 
progression.  For  purposes  of  discussion,  we  therefore  pro- 
pose that  there  be  established  a series  of  TCL’s  progressing 
in  the  approximate  ratio  of  3VTo  or  3 values  per  decade. 
Such  possible  TCL’s,  as  rounded  to  convenient  voltages, 
then  appear  as  shown  on  Table  II. 

The  subject  of  source  impedance  and  short-circuit  current 
needs  to  be  further  discussed  since  the  concept  of  constant 
surge  impedance,  and  particularly  constant  inductive  surge 
impedance,  may  not  be  valid.  Transients  of  high  voltage  and 
large  energy  content  tend  to  be  produced  by  physically  large 
systems,  whose  inductance  tends  to  be  larger  than  that  of  the 
systems  producing  lower  voltage  or  lower  energy  transients. 


Proof  Test  Techniques 

The  generation  of  surge  voltages  in  the  laboratory  is  well 
known  to  manufacturers  and  users  of  high  power  equipment. 
However,  producing  a test  wave  of  the  shape  and  levels 
proposed  here  may  present  some  difftculty  for  the  small 
equipment  manufacturer.  To  answer  this  need,  a previously 
developed  circuit1 ',  as  shown  in  Figure  4,  may  be  applicable. 


TABLE  II 

Possible  Transients  Control  Levels 


Open 
Circuit 
Level  Voltage 

No.  (voltB) 


Short  Circuit 
Current  (amperes) 
Z = 50n  Z = lOyH 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


10 

0.2 

2.  63 

25 

0.5 

6.56 

50 

1 

13.  1 

100 

2 

26.  3 

250 

5 

65.  6 

500 

10 

131 

1000 

20 

263 

2500 

50 

656 

5000 

100 

1310 

10000 

200 

2630 

Fig.  4.  Test  circuit  for  applying  spikes  on  120-volt.  AC  lines. 

The  objective  of  this  design  was  to  super-impose  on  a 
120- volt,  60-Hz  power  line  a transient  having  a rise  time  to 
first  peak  of  0.  5 uus,  followed  by  a damped  ringing  at 
100  kHz  in  which  each  successive  peak  is  60%  of  the 
preceding  peak  amplitude.  The  amplitude  of  the  first  peak  is 
adjustable  f r o m 0 to  8000  volts.  The  source  impedance  for 
the  high-voltage  transient  is  50  ohms. 

The  0.5  |xs  rise  characteristic  is  obtained  by  the  series 
resonance  of  LI  and  the  capacitance  of  Cl  and  C2  in 
series.  Component  values  were  selected  to  make  vL/C 
approximately  50  ohms,  and  R1  was  selected  to  provide 
heavy  damping  for  a smooth  transition  to  the  following 
wave. 

The  100  kHz  damped  ring  results  from  the  parallel 
resonance  of  L2  with  the  parallel  capacitance  of  Cl  plus  C2. 
Again,  VL/C  is  about  50  ohms.  The  series  damping  resistor 
R2  was  selected  to  produce  the  decay  to  60%  amplitude 
between  successive  peaks. 

CONCLUSIONS 

1 . The  present  lack  of  transient  coordination  methods  in 
low-voltage  systems  does  not  allow  the  user  of  electronic 
equipment  to  obtain  the  best  reliability  at  lowest  cost. 

2.  Manufacturers,  vendors,  and  users  could  bene- 
fit from  a systematic  approach  to  transient  coordina- 
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tion  similar  in  concept  to  the  BIL  used  for  many  years 
in  high-voltage  systems.  This  is  illustrated  in  Figure  5. 

3.  A concept  of  Transient  Control  Level  (TCL)  is 
proposed  by  the  authors.  This  involves  discrete  steps  of 
withstand  level  and  proof  tests  based  on  the  capability  of 
available  s urge  protective  devices  and  reflecting  the  occur- 
rence of  surges  in  the  real  world. 


NATURE 


PROTECTING 

DEVICES 


USER 


EQUIPMENT 


NATURAL 

TRANSIENT 

LEVEL 


PROTECTED 

TRANSIENT 

LEVEL 


VULNERABILITY 
AND  SUSCEPTIBILITY 

LEVEL  I 


I TRANSIENT 
8 CONTROL  LEVEL, 


MARGIN 


Fig.  5.  Well-coordinated  low  voltage  system. 


4.  Discussion  is  earnestly  invited  on  the  parameters  to 
be  considered  in  defining  TCL’s  such  as: 

® voltage  waveform  of  the  transients 
• source  impedance  of  the  transients 
« current  waveform  of  the  transients 
® levels  to  be  assigned  — current  and  voltage 
® proof-test  techniques. 

Successful  application  of  the  TCL  concept  will  require 
careful  stud  yof  these  factors,  so  as  to  develop  a valid 
consensus  among  all  interested  parties. 
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APPENDIX 

TYPICAL  WAVE  SHAPESS 
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Fig.  Al.  Transient  recorded  during  starting  of  a fumaceblower  at  service  Fig.  A3.  Transient  recorded  during  unidentified  disturbance  at  service  box. 
box. 
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Fig.  A2.  Transient  recorded  during  lightning  storm  on  street  pole. 


Fig.  A4.  Composite  recording  of  furnace  ignition  transformer  transients 
over  24  hours  at  service  box. 

ansiormer  transients  over  24  Hours  at  servic 


I I I I i I I I I 
0 20  40  60  us 


i t i i i i i i 


Fig.  A5.  Typical  transients  recorded  during  lightning  injection  tests  on 
fighter-type  aircraft  (amplitudes  are  relative). 


1 

n 

1 1 

90 

i i 

an 

i 1 l i 

fin  i 

Fig.  A6.  Typical  transients  recorded  during  lightning  injection  tests  on 
small  general  aviation  aircraft  (amplitudes  are  relative). 
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Discussion 

S.M.  Harvey  (Ontario  Hydro  Research  Division,  Toronto,  Canada):  This 
paper  provides  a clear  presentation  of  the  case  for  a transient  interference 
immunity  standard  applicable  to  residential  and,  presumably,  light  commercial 
electronic  equipment.  Designing  transient  or  surge  withstand  compatibility  into 
low-voltage  equipment  is  not,  of  course,  a new  concept.  The  telephone  compa- 
nies have  been  doing  it  for  years.  However,  the  authors  have  commendably 
proposed  their  Transient  Control  Level  concept  in  the  context  of  a general  and 
down  to  earth  philosophy  of  testing  that  should  encourage  informed  discussion. 

Following  the  establishment  of  Basic  Insulation  Levels,  the  electric  power 
industry  has  not  been  idle  in  the  area  of  overvoltage  testing  of  low-voltage 
equipment.  A number  of  committees,  including  the  Power  System  Relaying 
Committee  of  the  IEEE  Power  Engineering  Society  and  Technical  Committee 
No  41  of  the  International  Electrotechnical  Commission  have  been  working  for 
years  on  the  surge  testing  of  static  relays  used  for  transmission  line  protection. 
The  Swedish  Electrical  Commission  has  prepared  a draft  proposal  for  interfer- 
ence withstand  capability  testing  of  apparatus  used  in  power  stations  and 
industrial  installations.  These  committees  have  proposed  a range  of  test  wave- 
forms including  the  familiar  1.2/50  impulse  at  peak  voltages  of  1,  3,  and  5 kV, 
a moderately  damped  1 MHz  oscillatory  wave  at  peak  voltages  of  0.5,  1,  and 
2.5-3.0  kV,  and  a high-frequency  spark  test  at  2 - 4 and  4 - 8 kV. 

In  1974,  Ontario  Hydro  introduced  a uniform  transient  immunity  test  speci- 
fication for  relays  and  other  equipment  intended  for  substation  relay  or  control 
buildings.  The  test  waveform  is  a moderately  damped  oscillatory  transient 
whose  frequency  ’can  be  specified  in  the  range  of  100  kHz  to  2 MHz.  One  of 
four  test  levels,  specified  in  Table  I,  can  be  called  for.  The  test  is  supervised 
by  our  Supply  Division  and  manufacturers  are  encouraged  to  supply  their  own 
test  equipment.  However,  it  is  still  frequently  necessary  for  Ontario  Hydro  to 
make  its  own  test  generators  available. 

Table  I 

Transient  Test  Levels 

Test  Peak  Amplitude  (Volts)  Source  Impedance  (ohms) 


A 

5000 

100-500 

B 

2500 

100-150 

C 

1000 

30-50 

D 

500 

30-50 

Note  that  these  levels  when  specified  at  I 00  kHz  are  very  similar  to  tests  6 and 
9 in  Table  II  of  the  present  paper.  Level  B,  incidentally,  when  specified  at  I 
MHz  is  equivalent  to  the  IEEE  Relay  Test  [1], 

Our  experience  with  the  tests,  although  limited,  suggests  that  minor  circuit 
deficiencies  leading  to  operational  upsets  are  common  but  that  damage  is 
relatively  rare.  Probably  the  marginally  greatest  value  of  the  tests  at  this  time 
lies  in  their  potential  for  creating  an  awareness  of  the  transient  problem. 

A number  of  questions  being  considered  at  this  stage  of  our  transient  test 
program  can  be  rephrased  to  apply  also  to  the  proposals  in  this  paper.  Perhaps 
the  authors  could  comment  on  the  following: 

1.  What  is  the  advisability  of  introducing  a new  test  waveform  or  test 
procedure  in  addition  to  those  already  in  circulation? 

2.  Would  it  be  necessary  to  shield  the  test  circuit  of  Fig.  4 or  to  locate  it, 
say,  4-6  meters  from  the  equipment  under  test?  In  the  latter  case,  should  the 
voltage  and  current  waveforms  be  measured  at  the  near  end  or  the  far  end  of 
the  connecting  cable? 

3.  Can  the  test  circuit  of  Fig.  4 correctly  simulate  transient  disturbances 
that  occur  when  the  white  wire  neutral  and  the  green  wire  ground  are  connected 
together  a quarter  wavelength  from  the  device  under  test? 

4.  Can  a reliable  certification  procedure,  particularly  in  terms  of  energy 
deliverable  to  a load,  be  established  for  test  generators  differing  in  design  from 
the  one  shown? 

5.  Finally,  what  is  the  incidence  of  damage  or  significant  upset  to  equip- 
ment now  used  in  resident  at  or  light  commercial  environments  and  does  it 
justify  the  introduction  of  transient  testing  to  this  class  o apparatus?  If  applied, 
in  view  of  the  data  contained  in  Fig.  2 of  the  paper,  what  criterion  would  be 
used  to  select  a test  level  of  less  than,  say  500  volts? 
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E.J.  Cohen  (U.S.  Dept,  of  Agriculture,  Washington,  D.C.):  We  feel  the  con- 
cept expressed  in  this  paper  is  long  overdue  in  the  field  of  electrical  protection 
of  electronic  equipment.  Experience  within  the  telephone  industry  has  already 
demonstrated  that,  with  present  trends  to  ever  smaller  equipment,  protection 
problems  can  be  severely  aggravated.  The  over  voltage  and  current  tolerance 
of  microelectric  circuits  has  decreased  to  the  point  where  protection  should  be 
major  consideration  in  circuit  design. 

Added  to  this  increased  equipment  vulnerability,  we  have  found  a 
..communications  gap”  between  the  manufacturers  of  electronic  equipment, 
and  the  producers  of  protection  devices.  When  a protection  defect  is  uncovered, 
we  frequently  encounter  disagreements  between  the  equipment  and  arrester 
manufacturers.  By  establishing  “Transient  Control  Levels,”  as  proposed  by  this 
paper,  much  of  this  “finger  pointing”  could  be  eliminated.  As  both  equipment 
and  arrester  manufacturers  -should  know  precisely  what  the  other  adequate 
protection  should  be  minimized. 

It  is  felt  that  while  the  concept  expressed  here  is  valid,  further  consideration 
should  be  given  to  the  levels  and  waveshapes  involved  in  the  tests.  As  these 
parameters  may  be  critical  to  the  workability  of  this  proposal,  every  effort 
should  be  made  to  generate  realistic  values. 
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Richard  F.  Hess  (Sperry  Flight  Systems,  Phoenix,  Arizona):  I agree  that  some 
form  of  action  is  needed  to  properly  assess  and  overcome  the  adverse  effects 
of  power  transients  on  military  and  commercial  equipment.  Assuming  a con- 
sensus is  reached  concerning  the  need  for  transient  control  and  the  adoption  of 
Transient  Control  Levels  (TCL),  the  following  comments  are  intended  to  com- 
plement the  proposal  for  transient  control  in  low  voltage  systems. 

The  voltage  specification  is  based  upon  measurements  which  are  appropriate 
to  present  and  past  equipment  designs.  For  the  most  part  these  designs  use 
devices  which  present  a relatively  high  impedance  to  a source  of  transient 
energy. 

Damage  occurs  during  a power  transient  when  the  device  breaks  down  and 
high  to  medium  voltages  are  developed  across  the  device  while  large  to 
medium  currents  are  flowing  through  it.  Standard  components  are  not  normally 
tested  under  transient  conditions,  therefore  it  may  be  difficult  to  determine 
whether  they  would  break  down  or  to  assign  a confidence  level  that  they  would 
survive  such  a transient.  When  a device  breaks  down,  either  a voltage  or  a 
current  viewpoint  could  be  assumed  when  describing  the  threat  of  the  power 
transient  to  the  device. 

If  in  order  to  conform  to  a specified  TCL  a device  has  been  designed  to 
withstand  a specified  voltage  level,  then  the  voltage  specification  is  appropri- 
ate. However,  a manufacturer  designing  equipment  to  meet  a specific  TCL 
could  adopt  an  approach  which  calls  for  the  use  of  transient  power  suppression 
devices  (tranzorbs,  metal  oxide  varistors,  etc).  In  this  case,  transient  power 
surges  are  manifested  as  large  current  surges  into  equipment  (through  the 
protection  device)  rather  than  a large  voltage  transient  across  the  equipment. 
Even  when  passing  large  currents,  the  network  impedances  (suppression 
devices,  etc.)  will  probably  be  significant  enough  to  produce  a natural  mode 
current  response  within  the  total  network.  Thus,  current  measurement  of  such 
a network  would  contain  a significant  oscillatory  component  similar  to  that 
present  in  the  voltage  measurements. 

Two  types  of  TCL  specifications  should  be  provided: 

1.  Voltage 

2.  Current 

Like  the  voltage  specification,  the  waveform  and  magnitude  of  the  current 
specification  at  each  TCL  would  be  based  upon  the  measurement  of  the  current 
response  modes  of  networks  containing  power  suppression  devices  and  excited 
by  a power  transient. 

With  the  two  types  of  specifications,  equipment  could  be  designed  and  tested 
to  withstand  a power  transient  by  safely  withstanding  specified  voltage  levels 
or  by  safely  passing  specified  currents  levels.  The  test  equipment  for,  the 
voltage  specification  would  be  calibrated  under  open  circuit  conditions  and 
would  be  designed  to  deliver  current  (in  the  event  of  device  breakdown)  at  a 
level  at  least  as  large  as  that  specified  in  the  current  specification.  The  test 
equipment  for  the  current  specification  would  be  calibrated  under  short 
circuit  conditions  and  would  be  designed  to  provide  voltage  (in  the  event  of  a 
high  impedance)  at  a level  at  least  as  large  as  that  specified  in  the  voltage 
specification. 
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Tests  for  semiconductor  vulnerability  (damage)  levels  using  square  pulse 
waveform  are  common  practice  with  the  military.  The  damage  level  of  many 
discrete  components  has  been  determined  an  recorded.  However,  the  damped 
sinusoid  pulse  is  more  appropriate  to  susceptibility  testing  (transient  upset). 
Depending  upon  the  type  of  equipment  being  tested  and  the  frequency  content 
of  expected  transients,  it  may  be  desirable  to  test  using  more  than  one  wave- 
form. lower  frequency,  high  amplitude  sinusoid  (100  KHz)  would  be  used  to 
vulnerability  testing  and  a higher  frequency  sinusoid  (500  KHz,  1 MHz  or 
10  MHz  depending  upon  the  bandwidth  of  the  equipment)  would  be  used  for 
susceptibility  testing.  At  each  frequency  the  equipment  shoul  be  subjected  to  at 
least  two  pulses: 

1.  Maximum  pulse  is  positive 

2.  Maximum  pulse  is  negative 

As  a final  observation,  testing  and  test  equipment  should  be  kept  a simple  as 
possible  to  avoid  adding  inordinate  costs  to  the  equipment  ideally,  the  degree 
of  confidence  obtained  by  such  testing  should  result  in  a net  reduction  in 
equipment  costs  (manufacture  plus  maintenance). 


F.A.  Fisher  and  F.  D.  Martzloff:  We  appreciate  the  response  of  the  discussors 
and  will  attempt  to  both  respond  to  their  questions  and  expan  somewhat  on  the 
protection  philosophy  we  propose.  First  of  all,  it  should  be  pointed  out  that 
while  this  paper  was  written  using  household  appliances  as  an  example  and 
presented  before  a group  largely  concerned  with  utility  relaying,  the  problems 
of  transients  pervade  the  entire  field  of  low  voltage  electrical  and  electronic 
apparatus,  including  the  communication  (telephone)  industry.  One  of  the  areas 
where  th  authors  have  seen  a great  need  for  better  transient  compatibility  is  i 
the  Aerospace  field.  Much  of  the  background  upon  which  the  TCL  concept  is 
based  comes  from  consideration  of  the  transients  induced  in  aerospace  vehicles 
by  lightning  and  other  energetic  discharges.  Designers  in  the  Aerospace  com- 
munity tend  not  to  have  had  the  problem  of  transients  brought  as  forcibly  to 
their  attention  as  have  the  designers  of  relay  devices  intended  to  work  in  the 
harsh  electrical  environment  of  a utility  substation.  With  reference  to  Mr. 
Harvey’s  first  question,  we  feel  that  it  is  advisable  to  introduce  new  test 
procedures  because  th  specialized  test  procedures  adapted  in  the  electric  utility 
field  may  no  meet  the  needs  of  users  in  other  fields. 

Each  of  the  discussors  mentions  the  subject  of  levels  and  waveshapes.  We 
suggested  the  voltage  waveshape  of  Figure  3 of  the  pape  because  measure- 
ments have  indicated  that  most  transients  to  which  electronic  equipment  is 
exposed  are  oscillatory  in  nature  and  generally  of  faster  front  and  tail  times  than 
the  1.2  X 50  microsecond  test  wave  common  in  the  electric  power  industry. 
Several  other  factors  influence  our  choice.  One  was  that  the  proposed  wave  is 
of  long  enough  duratio  that  breakdown  of  semiconductor  junctions  would  not 
be  greatly  influenced  by  deviations  from  the  specified  waveshape.  With  much 
shorter  waveshapes,  the  resistance  of  semiconductor  junctions  to  burn  out 
becomes  strongly  influenced  by  waveshape.  Another  is  that  transients  of  this 
nature  can  be  injected  into  wires  by  rather  simple  transformer-coupled  pulse-in- 
jection generators,  whereas  transformer  injection  of  higher  frequency  oscilla- 
tory voltages  and  currents  is  more  difficult.  Transformer  injection  of  transients 
has  not  been  discussed  in  this  paper  but  is  sometimes  an  appropriate  means  of 
evaluating  the  resistance  of  a device  to  circuit  upset.  Mr.  Hess  mentions  the 
need  for  two  types  of  TCL  specifications:  voltage  and  current.  We  agree.  We 
have  seen  instances  of  groups  worrying  wastefully  about  specifications  that  call 
for  a specific  voltage  transient  to  be  developed  at  the  terminals  of  a device 
when  that  device  had  properly  been  fitted  with  a low-pass  filter,  a low 
impedance  suppressor,  or  transient  suppression  spark  gap  Specifications  that  do 
not  recognize  that  one  can  neither  develop  a voltage  across  a short  circuit  nor 
circulate  a current  through  an  open  circuit  are  not  only  incomplete  but  mis- 
chievous and  counterproductive. 

With  reference  to  more  of  Mr.  Harveys  questions,  we  feel  that  any  test  circuit 
should  be  built  in  a sufficiently  well-shielded  cabinet  so  that  there  is  no  need 
to  physically  separate  the  test  circuit  from  any  device  under  test.  If  a test  circuit 
must  be  located  away  from  the  device  under  test  and  an  interconnecting  cable 
be  used,  we  would  think  that  the  generator  open-circuit  voltage  and  short- 
circuit  current  should  be  measured  at  end  of  the  cable  nearest  the  device  under 
test. 

We  do  not  really  know  what  would  be  the  interaction  between  a 
white  wire  neutral  and  a green  wire  ground  if  the  two  were  connected 
together  a quarter  wavelength  away  from  the  generator.  We  take  refuge 
in  the  observation  that  transient  coordination  is  more  likely  to  be 
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achieved  through  the  successful  passing  of  even  an  imperfect  test  than  it  is  in 
the  avoidance  of  all  but  perfect  tests. 

We  hold  no  special  faith  in  the  virtues  of  the  test  circuit  shown  on  Figure  4 
of  the  paper  and  show  it  only  as  one  example  of  various  test  circuits  that  might 
be  produced.  We  feel  that  a reliable  certification  procedure  not  only  can  be,  but 
must  be,  based  on  specifications  that  are  not  unique  to  any  one  test  circuit.  It 
is  for  this  reason  that  we  propose  specifications  be  written  in  terms  of  open-cir- 
cuit voltage  and  short-circuit  currents;  a concept  that  implies  a fixed  generator 
impedance.  Care  must  be  taken  that  the  voltage  and  current  specifications  not 
be  incompatible  with  the  generator  impedance.  Since  the  writing  of  this  paper 
another  paper  discussing  the  impedance  of  AC  wiring  circuits  has  been  pub- 
lished [1],  Based  on  this  paper,  we  would  now  propose  that  the  internal 
impedance  of  a transient  generator  be  50  ohms  paralleled  by  50  microhenries. 
Figure  1,  reproduced  from  the  referenced  paper  with  the  permission  of  the 
author,  shows  how  the  impedance  of  the  line  (“the  mains”)  can  be  closely 
approximated  by  the  parallel  combination  of  50  ohms  and  50  microhenries. 
Levels  and  waveshapes  appropriate  to  such  an  impedance  might  then  appear  as 
shown  in  Figure  2 and  Table  1. 

As  Messrs.  Cohen,  Harvey  and  Hess  emphasize,  the  choice  of  appropriate 
levels  is  crucial  to  the  successful  implementation  of  a TCL  philosophy.  While 
a TCL  of  5000  or  6000  volts  might  be  appropriate  to  high  reliability  utility 
relays  or  a safety-oriented  consumer  product  such  as  the  Ground  Fault  Circuit 
Interrupter,  it  might  impose  an  unnecessary  economic  hardship  on  a high 
volume  item  intended  for  routine  household  use.  Likewise,  while  a TCL  of  500 
volts  might  be  too  low  for  residential  purposes,  it  might  be  appropriate  for  the 
power  inputs  of  electronic  equipment  used  in  aircraft,  and  excessively  high  for 
the  signal  inputs  of  data  processing  equipment  intercommunicating  through 
well-shielded  signal  wires. 

Since  of  the  major  purposes  of  this  paper  is  to  promote  discussion,  it  is 
appropriate  to  list  some  of  the  questions  the  authors  have  posed  to  themselves 
during  the  formulation  of  this  proposal: 


Fig.  1.  Comparison  of  impedance  measurements  made  by  the  Electrical 
Research  Association  (ERA)  on  the  impedance  of  power  systems  with  a net- 
work of  50  ohm  & 50  pH  in  parallel 


Fig.  2.  Short-circuit  current  (Igc)  resulting  from  a transient  source  with  Vqc 
open-circuit  voltage  and  50  Cl/  /50  pH  source  impedance. 
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Proposed  Transient 
Control  Level 

Number 

TABLE  1 

Open-Circuit 

Voltage  Level 
(volts) 

Short-Circuit 
Current  Level 
(amperes) 

1 

10 

0.68 

2 

25 

1.7 

3 

50 

3.4 

4 

100 

6.8 

5 

250 

17 

6 

500 

34 

7 

1000 

68 

8 

2500 

170 

9 

5000 

340 

— Are  there  sufficient  problems  relating  to  transient  coordination  to  warrant  an 
effort,  likely  to  be  major  and  long  term,  to  achieve  better  coordination 
between  the  transients  to  which  equipment  is  exposed,  and  the  ability  of 
equipment  to  withstand  such  transients? 


— Would  transient  control  level  (or  some  other)  specifications  and  standards 
help  achieve  successful  transient  coordination  between  equipment  manufac- 
turers, utilities  and  equipment  users? 

— - Should  there  be  a limited  number  of  fixed  levels?  The  authors  feel  that  it  is 
essential  that  the  number  of  levels  be  limited,  perhaps  to  9-15  levels  dis- 
tributed in  a geometric  progression  over  the  range  10-5000  volts.  The 
assignment  of  the  levels  may  have  -to  be  done  arbitrarily.  This  need  not  be 
cause  for  alarm.  The  electronic  industry  for  years  has  worked  successfully 
with  resistor  and  capacitor  values  produced  according  to  an  arbitrarily 
selected  geometric  progression. 

— Should  these  levels  reflect  the  system  voltage,  the  expected  reliability  of  the 
equipment  function,  the  environment? 

— What  kind  of  source  impedance  is  appropriate?  As  mentioned  above,  an 
impedance  of  50  ohms  paralleled  by  50  microhenries  may  be  appropriate. 

— Should  open-circuit  voltage  and  impedance  be  stated  or,  alternatively, 
should  open-circuit  voltage  and  short-circuit  current  be  specified? 

— Is  one  impedance  value  suitable  for  the  majority  of  the  systems? 

— What  waveshape  is  appropriate,  for  voltage  as  well  as  current?  For  damage, 
we  are  mostly  concerned  with  energy  and  front-ofwave  but  if  upset  (interfer- 
ence) is  to  be  included  in  TCL,  then  do  we  need  to  specify  a frequency 
spectrum? 
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Significance: 

Part  2 Development  of  standards  - Reality  checks 

Part  5 Monitoring  instruments,  laboratory  measurements  and  test  methods 

Part  6 Textbooks  and  tutorial  reviews 

Presentation  to  the  EMC  community  in  a European  forum  of  the  Transient  Control  Level  concept  being 
proposed  in  the  US  via  the  IEEE  Power  Engineering  Society  (See  Fisher  and  Martzloff  in  IEEE  Transactions 
PAS  95, 1 976).  A companion  paper  on  implementation  is  reprinted  in  Parts  5 and  6 (See  Fisher  and  Martzloff 
in  the  same  forum). 

The  proposal  also  included  the  concept  of  establishing  first  a level  of  surges  that  will  not  be  exceeded,  thanks 
to  the  application  of  appropriate  SPDs,  and  only  then  designing  equipment  that  will  withstand  level  higher 
than  the  allowable  level  of  surges.  This  was  nothing  new,  having  been  applied  successfully  in  the  high-voltage 
utility  environment.  However,  the  proposal  was  new  for  the  low-voltage  community. 

Unfortunately,  the  fait  accompli  of  equipment  being  designed  and  placed  on  the  market  without  such 
coordination  prevented  application  of  that  proposal.  Thus,  industry  is  left  with  the  situation  where  equipment 
failures  under  surge  conditions  can  occur,  after  which  remedies  must  be  found  as  retrofits 

In  1975,  the  following  statement  appeared  in  the  paper  and  should  be  kept  in  mind  when  questions  arise  on 
the  selection  of  “representative  waveforms”  in  IEEE  Std  C62.41.2: 

These  BIL  amplitudes,  while  assigned  somewhat  arbitrarily,  were  (and  are)  kept  in  touch  with  reality  by  the 
fact  that  equipment  designed  in  accordance  with  standards  do  not  fail  when  exposed  to  surges  produced  by 
lightning,  in  contrast  to  equipment  designed  prior  to  the  development  of  the  philosophy  of  insulation 
coordination  and  the  establishment  of  standard  BILs. 
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TRANSIENT  CONTROL  LEVEL  PHILOSOPHY  AND  IMPLEMENTATION 

I.  The  Reasoning  Behind  the  Philosophy 
F.D.  Martzloff  and  F.A.  Fisher 

General  Electric  Company,  Corporate  Research  and  Development, 
Schenectady,  New  York,  and  Pittsfield,  Massachusetts 


Abstract 

This  is  the  first  of  a pair  of  papers 
describing  how  better  transient  protection  might 
be  achieved  through  the  use  of  a Transient  Con- 
trol Level  (TCL)  philosophy.  The  authors  have 
developed  and  are  proposing  this  TCL  philosophy 
because  damage  to  and  upset  of  electronic  and 
other  low-voltage  equipment  by  transients  seems 
to  be  a never-ending  problem,  and  one  that  is 
likely  to  get  worse  in  the  future  as  electronic 
controls  permeate  even  more  of  the  products  which 
affect  our  lives.  A number  of  proposals  have 
been  made  — some  already  Incorporated  into  stan- 
dards — on  various  test  wave  shapes  and  specifi- 
cations. The  authors  propose  an  approach  Inte- 
grating many  of  these  proposals  while  focusing 
attention  on  significant  parameters. 

Introduction 

An  area  where  present  standards  do  not  seem 
to  offer  sufficient  guidance  to  designers  and 
manufacturers  of  electronic  equipment  is  in  what 
types  of  transients  to  consider  and  how  to  prove 
that  equipment  works  in  the  presence  of  tran- 
sients. This  situation  is  perhaps  under  better 
control  in  the  electric  power  field  than  It  is  in 
the  fields  of  aerosapce,  general  industry,  house- 
wares,  and  the  military.  For  instance,  the  insu- 
lation of  high-voltage  apparatus  is  coordinated 
to  the  threats  that  nature  provides  to  that 
Insulation  through  the  philosophy  of  insulation 
coordination  as  expressed  in  the  Basic  Insulation 
Level  (BIL)  system.  The  BIL  system  provides  for 
a standardized  series  of  levels  being  coordinated 
with  the  protective  abilities  of  existing  protec- 
tive devices.  On  the  other  hand,  electronic  and 
control  equipment  is  all  too  often  designed, 
built,  and  delivered  before  the  existence  of  a 
transient  threat  is  recognized.  If  transients 
turn  out  to  endanger  the  equipment,  there  may  be 
no  adequate  surge  protective  devices.  In  fact, 
there  may  not  be  any  satisfactory  answer  to  the 
problem  posed  by  transients. 

The  authors'  TCL  philosophy  is  aimed  at 
achieving  better  coordination  than  now  exists 
between  the  transients  to  which  equipment  is 
exposed  and  the  abilities  of  equipment  to  with- 
stand the  transients.  It  is  patterned  after  the 
BIL  approach  to  insulation  coordination  so  suc- 
cessfully used  in  the  electric  power  field. 


The  purposes  of  this  first  paper  are  to 
explain  the  reasoning  behind  the  different  ele- 
ments of  the  BIL  system  of  Insulation  coordina- 
tion, and  to  explain  how  similar  reasoning  has 
led  to  the  formulation  of  the  TCL  philosoprvj,. 
Some  observations  on  how  to  perform  TCL  tests  are 
given  in  a companion  paper  [1], 


Proposal  for  TCL 

This  proposal  can  be  summarized  by  saying 
that  we  want  to: 

1.  Establish  the  concept  that  equipment  shall  be 
rated  in  terms  of  its  ability  to  withstand  a 
limited  set  of  transient  proof  tests,  rather 
than  in  terms  of  Its  ability  to  withstand 
unknown  "actual"  transients. 

2.  Establish  the  concept  that  transient  specifi- 
cations apply  to  power  and  signal  lines.  In 
the  past,  only  power  lines  have  been  con- 
sidered. 

3.  Establish  a set  of  levels  (limited  in  number) 
to  which  equipment  Is  designed  and  tested. 

4.  Establish  a set  of  standard  test  waves  (lim- 
ited in  number)  to  which  low-voltage 
equipment  will  be  subjected. 

5.  Establish  standardized  relationships  between 
voltage  and  current  (source  impedance). 

6.  Differentiate  between  the  task  of  establish- 
ing the  family  of  test  levels  and  wave 
shapes,  and  the  task  of  actually  selecting  a 
specific  level.  This  means  that: 

• We  will  propose  to  you  a family  of 
levels  and  wave  shapes 

• You  will  select  the  specific  level  and 
shape,  based  on  your  reliability  goals, 
your  costs,  and  your  experience. 

This  proposal  Is  made  with  awareness  that 
it  may  be  one  more  of  an  already  confused  array  of 
standards.  However,  if  accepted  by  a large  sec- 
tion of  Industry  and  users.  It  could  become  a 
unifying  link  and  make  the  applications  more 
successful . 
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In  the  following  paragraphs*  we  will  at- 
tempt to  present  the  background  justifying  our 
proposal,  for  each  of  the  points  listed  above. 

1.  Basis  for  rating  equipment 

The  concept  that  equipment  be  rated  in 
terms  of  its  ability  to  withstand  a standard  test 
rather  than  "actual"  service  conditions  is  not 
new.  This  is  at  the  very  heart  of  the  system  of 
Bit,  which  has  been  so  successful  in  the  field  of 
electric  utility  equipment. 

Fortunately  for  the  utilities,  few  parties 
were  involved  in  making  the  decisions,  and  thus 
it  was  possible  at  an  early  stage  to  establish 
the  BIL  system  and  to  enforce  it  because  of  the 
near  total  control  of  the  engineering  department 
of  a utility  over  the  system  design.  In  the  field 
of  low-voltage  systems,  however,  the  selection 
and  purchase  of  a multiplicity  of  components  and 
equipment  by  a multiplicity  of  buyers  from  a 
multiplicity  of  vendors  on  behalf  of  a multi- 
plicity of  users  have  made  it  very  difficult  to 
maintain  the  organized  systems  approach  which 
succeeded  in  the  case  of  the  electric  utilities. 


quite  often  the  signal  circuits  tend  to  be  at  a 
lower  voltage  than  the  power  circuits,  the  dis- 
crepancy between  the  rated  level  in  the  circuit 
and  the  actual  level  of  transients  makes  the 
signal  circuits  more  susceptible  to  transient 
problems. 

A question  related  to  which  lines  are  to  be 
subjected  to  transients  is  that  of  "common  mode" 
versus  "transverse  mode."  This  is  not  always 
clear  and  must  be  addressed  in  a comprehensive 
specification. 

3.  Test  Levels 

An  important  feature  of  the  BIL  system  was 
that  it  involved  a limited  number  of  test  levels 
graded  to  the  operating  voltage  of  the  system  for 
which  apparatus  was  being  designed.  A successful 
TCL  system  should  also  be  designed  around  a rela- 
tively small  number  of  levels.  One  who  tries  to 
establish  levels  is  pulled  In  two  directions;  one 
to  avoid  complexity  by  establishing  a minimum 
number  of  levels,  and  in  another  to  provide 
levels  that  accommodate  existing  practices  with 
minimum  disruption. 


A basic  concept,  which  needs  to  be  mutually 
accepted  by  users  and  manufacturers  of  equipment, 
is  that  It  is  impossible  to  simulate  all  possible 
transient  overvoltages  (and  over-currents)  that  a 
product  line  might  experience  in  service.  How- 
ever, by  designing  the  equipment  to  a certain 
standard  and  controlling  the  level  of  transients 
by  suitable  protection,  a much  greater  chance  of 
successful  operation  in  the  cruel  real  world  will 
be  obtained. 

The  task  is  then  to  establish  a set  of 
standard  tests,  acceptable  to  the  vast  majority 
of  applications,  reflecting  the  real  world  but 
not  pretending  to  duplicate  it,  simple  enough  to 
be  practical,  conservative  enough  to  ensure  reli- 
ability, but  realistic  in  terms  of  economics. 

Obtaining  complete  agreement  from  all  is 
most  unlikely  an  impossible  goal,  and  thus  the 
unsatisfactory  situation  endures.  This  stalemate 
cer  be  broken  by  accepting  a proposal  which  might 
nc  be  perfect,  but  is  better  than  many  isolated 
standards  or  no  standard  at  all. 

2.  All  lines  subject  to  transient  tests 


One  way  to  achieve  this  is  through  the  use 
of  major  and  minor  intervals  in  the  levels. 
Figure  1 shows  several  possible  level  series. 
The  scales  show  the  range  30  to  3000  volts  divid- 
ed into  intervals  based  on  101'3,  101/5,  and  101/6. 
The  physical  positioning  of  the  numbers  on  the 
figure  shows  how  those  numbers  match  the  propor- 
tionate interval  scales.  In  the  past,  we  have 
proposed  that  there  be  three  levels  per  decade 
with  the  spacing  between  levels  being  approxi- 
mately 101/3.  The  factors  1.5,  3,  and  6 seem 
appropriate,  particularly  since  such  a set  could 
include  the  voltage  levels  600,  1500,  and  3000 
volts  in  some  existing  specifications.  The 
widely  used  specification  MIL-704  includes  the 
600-volt  level  for  transients,  and  it  would 
appear  that  this  number,  at  least,  should  appear 
in  any  set  of  TCL  levels.  Levels  based  on  the 
above  progression  appear  in  the  left-hand  column. 
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The  existence  of  transients  on  power  lines 
is  by  now  a recognized  and  accepted  fact,  so  that 
most  applications  will  involve  a certain  amount 
of  precautions  in  specifying  transient  withstand 
capability.  However,  in  the  case  of  signal 
lines,  this  recognition  is  less  frequent,  and 
there  have  been  examples  where  a total  lack  of 
appreciation  of  the  problem  has  led  to  the  design 
and  deployment  of  equipment  that  cannot  be  pro- 
tected from  transients. 

Transients  can  be  introduced  into  a piece 
of  equipment  by  the  power  lines  from  many 
sources,  such  as  lightning,  switching  transients, 
fault  clearing,  and  coupling  from  adjacent  cir- 
cuits. Signal  lines,  especially  in  the  case  of 
extensive  systems  covering  a vast  area,  can  also 
be  subjected  to  induced  transients  by  lightning, 
adjacent  circuits,  ground  currents,  etc.  Since 
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Fig.  1 ; Proposed  levels  for  TCL  voltages 

compared  to  existing  level  systems 
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A progression  proposed  in  IEC  TC  28A,  Low 
Voltage  Insualtion  Coordination,  is  shown  in  the 
right-hand  column.  The  levels  that  have  been 
proposed  range  from  500  to  12000  volts.  On  Fig. 
1,  the  levels  in  parentheses  are  inserted  only  to 
indicate  the  sequence.  This  progression,  which 
seems  to  be  based  on  the  factor  lO1^,  does  not 
include  the  600-volt  level. 

Levels  as  arranged  in  the  center  column 
might  appear  to  provide  an  appropriate  com- 
promise. We  propose  that  the  levels  in  boldface 
print  be  the  recommended  levels  while  those  in 
lighter  print  be  used,  preferably  sparingly,  when 
intermediate  levels  are  needed.  Associated  with 
each  of  these  levels  would  be  a short-circuit 
current  level,  the  magnitude  of  which  is  related 
to  the  voltage  levels  through  defined  source 
impedances.  Source  impedance  will  be  discussed 
further  below. 

Some  of  the  levels  will  seem  very  low, 
particularly  to  those  accustomed  to  dealing  with 
transients  on  power  lines.  They  may  not  be 
unrealistic  for  some  low-voltage  signal  circuits. 
A more  important  point,  however,  is  that  the 
establishment  of  a series  of  levels,  from  which  a 
choice  may  be  made,  is  a task  separate  and 
distinct  from  that  of  deciding  to  what  level  a 
piece  of  equipment  should  be  designed.  This 
latter  point  is  discussed  in  more  detail  later. 

4.  Wave  shape 

Many  test  waves  have  been  proposed  in  the 
past.  Table  I shows  some  that  have  been  pro- 
posed. 

These  wave  shapes  range  from  the  very  fast 
rise,  short  duration,  to  the  slow-rise,  long 
duration,  with  oscillatory  or  unidirectional 
voltages.  Each  of  these  is  based  on  practical 
considerations  for  specific  applications;  but  the 
total  picture  is  then  one  of  confusion  and  dis- 
couraging attempts  at  standardization. 

Observations  of  oscilloscope  recordings 
and  independent  work  on  the  resonant  frequency  of 
power  systems  [2]  have  shown  that  most  transient 
voltages  in  low-voltage  systems  have  an  oscilla- 
tory wave  shape,  in  contrast  to  the  well-known 
and  generally  accepted  unidirectional  wave  used 
in  high-voltage  insulations  standards.  Fre- 
quencies are  typically  in  the  range  of  5 kHz  to 
500  kHz,  with  the  majority  of  the  transients 
having  frequencies  above  100  kHz  [3] . 

On  the  basis  of  these  observations,  the 
authors  have  proposed  the  voltage  wave  shape  of 
Fig.  2,  as  being  most  representative  of  tran- 
sients in  low-voltage  systems. 

This  wave  is  a composite.  One  component  is 
aimed  at  producing  the  effects  associated  with 
fast  rise  times.  Coupled  interference  and  the 
response  of  inductive  devices  are  examples. 
Another  component  is  aimed  at  producing  the  ef- 
fects associated  with  the  more  slowly  changing, 
and  oscillatory,  tail.  Voltage  summation  in 
capacitive  circuits  coupled  by  rectifiers  is  an 
example.  Energy  handling  capability  of  surge 
protective  devices  is  another. 


Fig.  2:  Proposed  TCL  voltage  wave 

While  this  wave  may  then  appear  arti- 
ficially contrived,  it  will  subject  test  samples 
to  the  two  most  significant  effects  of  voltage, 
circuit  upset,  and  circuit  damage.  Since  the 
wave  may  be  produced  by  simple  laboratory  cir- 
cuits, comparison  tests  may  be  easily  done  by 
different  organizations.  [4j. 

This  wave  shape  was  first  defined  by  a 
consensus  at  a meeting  of  the  Ground  Fault  Pro- 
tection Section  of  NEMA,  in  August  1973,  and  has 
since  received  increasing  acceptance,  notably  at 
the  Underwriter ' s Laboratories.  Recently, 
independent  considerations  [5]  have  given  further 
support  to  a 0.5  pis  rise  time  and  5 pts  duration 
impulse. 

However,  in  all  probability  this  one 
oscillatory  TCL  wave  will  not  meet  the  needs  of 
all  users.  Therefore,  we  propose  that  the  wave 
of  Fig.  2 be  supplemented  by  two  unidirectional 
voltage  waves:  the  classic  ANSI  1.2  x 50  (as 
impulse  wave  and  a 10  x 1000  pis  wave  1 6,7]. 

We  believe  that  most  applications  can  be 
treated  by  one  of  these  three  wave  shapes,  once 
the  concept  is  accepted  that  a perfect  match  of 
"actual''  wave  shape  and  "test"  wave  shape  is  not 
essential.  The  first  wave,  fast  rise  and  100  kHz 
ring,  would  be  more  applicable  for  circuits  ex- 
posed to  "lightning  remnants"  (the  natural  oscil- 
lation of  a power  system  excited  by  a lightning 
discharge  or  switching  transient  at  some  remote 
point)  as  well  as  control  circuitry  exposed  to 
induced  transients.  The  second  wave  shape,  the 
familiar  1.2  x 50  unidirectional,  would  be  appli- 
cable to  circuits  where  direct  exposure  to 
lightning  strokes  is  likely;  while  the  third 
(long  tail)  would  be  applicable  to  situations 
involving  lightning  current  discharge  on  long 
cables.  The  second  and  third  wave  shapes  are 
also  representative  of  transients  produced  by  the 
switching  of  inductive  circuits. 

Special  applications,  such  as  NEMP  (Nuclear 
Electromagnetic  Pulse)  hardening,  or  high-volt- 
age substation  supervisory  equipment,  would 
rather  retain  their  own  we  1 1 -documented 
standards. 

5.  Source  impedance  and  energy 

In  some  types  of  tests,  the  object  is  to 
determine  what  level  of  voltage  will  cause  fail- 
ure (permanent  or  temporary)  of  insulation.  The 


TABLE  I - PARTIAL  LISTING  OP  EXISTING  OR  PROPOSED  TEST  WAVES 
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nature  of  the  transient  following  breakdown  is 
not  of  much  concern.  The  typical  test  piece  is  of 
high  impedance  (except  after  breakdown),  and  thus 
does  not  load  the  generator.  People  have  tended 
to  overlook  the  source  impedance  of  the  gener- 
ator, even  in  applications  where  that  impedance 
is  important. 

However,  with  the  development  of  voltage 
suppression  devices,  the  source  impedance  becomes 
an  integral  part  of  the  suppression  scheme.  Some 
types  of  devices  (spark  gaps)  function  by 
switching  into  a low  impedance  state  and  reflect- 
ing the  energy  associated  with  the  transient  back 
from  whence  it  came.  Other  devices  (varistors, 
selenium,  and  Zener  type  diodes)  clamp  the 
voltage  across  their  terminals  while  conducting 
the  surge  current  and  thus  dissipate  the  surge 
energy  in  the  protective  device.  The  ability  of 
the  device  to  handle  that  energy  becomes  of  im- 
portance. In  either  case,  the  test  generators 
must  be  capable  of  supplying  an  appropriate 
amount  of  current,  but  should  not  supply  too  much 
current. 

Test  specifications  should  reflect  the  fact 
that,  in  some  cases,  voltage  is  the  appropriate 
measure  of  the  transient,  and  in  other  cases 
current  is  the  appropriate  measure.  Above  all, 
they  must  avoid  wording  that  leads  the  inex- 
perienced to  struggle  valiantly,  with  everlarger 
surge  generators,  to  develop  a specified  voltage 
across  a correctly  functioning  spark  gap  or 
varistor.  This  has  occurred. 

In  the  original  formulation  of  the  TCL 
concept,  the  authors  proposed,  and  still  do 
propose,  that  the  generator  impedance  associated 
with  the  100  kHz  oscillatory  test  wave  be  an 
impedance  representative  of  that  measured  on  a-c 
supply  mains.  Such  an  impedance  can  be 
represented  as  50  ohms  in  parallel  with  50  micro- 

riefirjrb  to  j • 

The  ANSI  specifications  dealing  with  the 
long-established  1.2  x 50  ns  unidirectional  wave 
do  not  treat  source  impedance  directly,  but 
recognize  its  existence  by  providing  a separate 
current  test  wave  for  surge  arresters  or  other 
surge  protective  devices.  In  the  TCL  concept  as 
we  now  visualize  it,  this  same  approach  would  be 
followed:  separate  voltage  and  current  levels. 

One  of  the  applications  where  the  10  x 
1000  ns  unidirectional  test  wave  might  be  appro- 
priate would  be  those  involving  switching  of 
inductive  circuits.  The  impedance  associated 
with  such  transients  can  vary  over  wide  limits 
and  may  be  quite  low.  We  do  not  feel  there  is  yet 
a sufficient  engineering  consensus  as  to  what  a 
suitable  standard  source  impedance  might  be.  Ac- 
cordingly, we  made  no  recommendations  for  such 
Impedance,  feeling  that  the  evaluation  of  such 
Impedance  must  be  done  on  an  individual  basis  for 
the  specific  application  at  hand. 

6 . Selection  of  specific  levels 

The  task  of  selecting  the  transient  control 
level  appropriate  for  any  one  piece  of  equipment, 
or  any  one  application,  is  one  of  engineering  and 
cannot  be  fully  dealt  with  In  this  paper.  How- 
ever, some  discussion  of  the  task  Is  necessary  to 
show  how  that  task  fits  into  the  overall  TCL 


philosophy.  The  BIL  system  provides  some 
guidance.  A fundamental  tenet  of  the  BIL  system 
is  that  the  insulation  structure  of  apparatus  Is 
not  designed  until  after  the  required  insulation 
level  is  agreed  upon,  and  that  this  Insulation 
level  is  not  chosen  until  one  is  sure  that  there 
are  voltage-limiting  devices  (surge  arresters) 
that  can  control  natural  transients  to  levels 
lower  than  those  to  which  the  factory  proof  test 
will  subject  the  apparatus  under  design. 

On  the  other  hand,  low-voltage  and  elec- 
tronic equipment  is  all  too  often  designed  with- 
out consideration  of  transients  or  whether  pro- 
tective devices  might  even  be  available  if 
needed.  One  guideline  is  then  that  equipment 
should  not  be  designed  until  an  appropriate 
design  level  has  been  chosen.  This  choice  should 
be  made  after  consideration  of  the  distribution 
of  naturally  occurring  transients. 

The  occurrence  of  transients  is  a statis- 
tical process,  both  in  voltage  levels  and  energy 
content.  Low  levels  are  common  while  high  levels 
occur  rarely.  Figure  3 shows  the  relationship 
between  voltage  level  and  frequency  of  occurrence 
on  120-volt  residential  circuits,  from 
observations  made  in  the  United  States  [9]. 
While  this  type  of  information  cannot  serve  to 
predict  the  occurrences  at  individual  locations, 
it  is  of  Interest  if  one  is  concerned  with  the 
overall  statistics  of  transients.  For  instance, 
a manufacturer  can  select  a withstand  level  (or 
conversely,  a failure  level)  by  trading  off  the 
tangible  and  intangible  cost  of  failures  for  the 
cost  of  the  added  protection  required  to  achieve 
that  level.  From  the  graph  of  Fig.  3,  we  can  see 
that  decreasing  the  withstand  level  from,  say,  4 
kV  to  2 kV  is  likely  to  increase  the  failure  rate 
of  a product  by  a factor  of  10. 


Fig.  3:  Exposure  of  residential  circuits  to 
surges  (number  of  surges  vs  highest 
surge  at  any  one  location) 

Selection  of  the  most  appropriate  level  for 
a specific  application  should  remain  the  preroga- 
tive of  the  parties  directly  Interested.  This 
choice  will  be  based  on  a number  of  factors  such 
as  the  circuit  rated  voltage,  the  exposure  of  the 
circuit  to  induced  transients,  the  presence  or 
absence  of  a mandatory  suppressor  in  the  circuit, 
the  risk  analysis  (probability  of  failure,  conse- 
quence of  a failure,  cost-trade  off),  etc. 
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TABLE  II  - PROPOSED  IMPULSE  LEVELS  BY  IEC-TC  28A 


Rated  Voltages 

Preferred  Series  of  Impulse 
Withstand  Voltages  In  Volts 

L Ine-to- 
Earth 

1 -phase 
or  (J.c. 

L ime-to-Hne 
L-M  or  L-L 

3-Phase 

l-N  or  L-L 

System  Voltages 

According  to 
lEC-Publ . 38 

Category 

Up  to 

Volts 

Up  to 

Volts 

Up  to 
Volts 

Volts 

I 

II 

111 

IV 

V 

80 

75-  150 

500 

800 

1200 

2000 

3000 

150 

150-  300 

150/250 

120/220/240 
1-phase  a.c. 
110/220  d.c. 

800 

1200 

2000 

3000 

5000 

300 

300-  600 

300/500 

220/380  ) , 

240/415  )nJ" 
277/480  )phase 

1200 

2000 

3000 

5000 

8000 

600 

600-1200 

600/1000 

660  ) 3- 

1000  )phase 

2000 

3000 

5000 

8000 

12000 

Note:  The  values  of  impulse  withstand  voltage  given  in  columns  I through  V are  a preferred  series  of  values  to  be 
used  by  the  Technical  Committees  for  the  purpose  of  insulation  coordination.  Products  subjected  in  the  field  to 
the  same  conditions  of  overvoltages  or  rated  to  withstand  the  same  overvoltages  are  to  be  assigned  values  from 
the  same  column.  While  it  might  be  useful  to  describe  products  and  specify  a preferred  column  for  such  products, 
SC  28A  has  refrained  from  doing  so. 


An  example  of  such  a selection  process  is 
found  in  current  proposals  of  I EC  28A  for  low- 
voltage  insulation  coordination.  This  proposal 
includes  a matrix  of  voltage  levels  depending  on 
one  hand  on  the  system  voltage  and  on  the  other 
hand  on  a level  category,  which  is  left  to  the 
users  to  choose  but  implies  some  recognition  of 
exposure  factors.  This  proposed  table  is  repro- 
duced here  as  Table  II  with  the  permission  of 
the  I EC  TC  28A  Chairman. 

Conclusion  and  Recommendation 

Acceptance  of  the  TCL  concept  by  manufac- 
turers and  users  of  equipment,  as  well  as  stan- 
dardizing and  regulatory  agencies,  would  be  a 
great  step  toward  simplification  of  specifica- 
tions and  toward  more  reliable  system  per- 
formance. 

This  paper  has  incorporated  the  feedback 
received  after  several  proposals  made  at  IEEE 
meetings,  and  at  this  point  represents  the 
position  of  the  authors,  supported  and  amended  by 
the  comments  received.  Further  feedback  from  the 
EMC  community  is  earnestly  invited  and  welcome. 

To  summarize  our  proposal,  we  recommend 
consideration  and  eventual  acceptance  of  the 
following: 

1.  Major  voltage  levels  of  300,  600,  and  1250 
volts,  with  intermediate  levels  of  450,  850, 
and  2000  volts  used  if  necessary;  the  levels 
to  be  scaled  upwards  or  downwards  by  the 
appropriate  powers  of  ten. 

2.  A voltage  wave  shape  of  0.5  rise  x 100  kHz 
ring  with  current  related  to  voltage  by  a 
source  impedance  of  SOnand  50  mH.  This  wave 
shape  would  be  supplemented  by  1,2  x 50  ^s 
and  10  x 1000  ms  unidirectional  waves. 

3.  All  terminals,  power  and  signal,  are  to  be 
subjected  to  TCL  tests. 

4.  For  any  particular  piece  of  equipment,  an 
appropriate  level  would  be  chosen  from  the 
above  series,  by  mutual  agreement  between 
supplier  and  user. 
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Summary 

Surge  voltages  occurring  in  ac  power  circuits  can  be 
the  cause  of  misoperation  or  product  failure  for  residential 
as  well  as  industrial  systems.  The  problem  has  received 
increased  attention  in  recent  years  because  miniaturized 
solid  state  devices  are  more  sensitive  to  voltage  surges 
(spikes  and  transients)  than  were  their  predecessors. 

Although  surge  voltage  amplitudes  and  their  fre- 
quency of  occurrence  on  unprotected  circuits  are  well 
known,  their  waveshapes  and  energy  content  are  less  well 
known.  On  the  basis  of  measirements,  statistics,  and 
theoretical  considerations,  a practical  guideline  for  out- 
lining the  environment  for  use  in  predicting  extreme 
waveshapes  and  energy  content  can  nevertheless  be  estab- 
lished. The  Surge  Protective  Device  Committee  of  the 
Institute  of  Electrical  and  Electronics  Engineers  has  been 
developing  such  a guideline,  the  essential  elements  of 
which  are  presented  in  this  paper. 

Surge  voltages  [ 1 ] occurring  in  ac  power  circuits 
rated  up  to  600  V can  be  represented  by  various  waveshapes 
in  an  attempt  to  duplicate  actual  surge  voltages.  Two 
major  types  of  surges  reflecting  differences  in  the  environ- 
ment are  described  to  represent  the  situation  realistically. 

Systems  located  inside  a building  and  separated  from 
the  overhead  lines  by  some  line  impedance  experience 
surge  voltages  of  waveshapes  and  energy  levels  that  differ 
from  those  of  the  outdoor  environment.  Outside  systems . 
exposed  to  direct  lightning  strikes  or  lightning-induced 
surges— typically  overhead  lines— experience  levels  implied 
by  IEEE  standards  for  secondary  arresters.  This  guideline 
addresses  particularly  the  hazards  to  these  two  types  of 
systems  12]. 

The  guideline  presented  here  primarily  addresses  ac 
power  circuits  with  rated  voltages  up  to  600  V,  although 
some  of  the  conclusions  offered  could  apply  to  higher 
voltages  and  also  to  some  dc  power  systems.  Other 
standards  have  been  established,  such  as  IEEE  472,  Guide 
for  Surge  Withstand  Capability  (SWC)  Tests,  intended  for 
the  special  case  of  high-voltage  substation  environments, 
and  IEEE  28,  Standard  for  Surge  Arresters  for  ac  Power 
Circuits,  covering  primarily  the  utilities  environment.  The 
guideline  presented  here  intends  to  complement,  not 
conflict  with,  existing  standards,  and  to  present  a practical 
proposal  for  the  selection  of  voltage  and  current  tests  to  be 
applied  in  evaluating  the  surge  withstand  capability  of 
equipment  connected  to  these  power  circuits,  primarily  in 
residential  and  light  industrial  applications. 

Some  guidance  is  also  presented  on  how  to  proceed 
from  the  environment  description  to  the  selection  of 
"standard"  test  waves. 

The  surge  voltages  [ 1 ] considered  in  this  guideline 
are  those  exceeding  two  per  unit  (or  twice  the  peak 


operating  voltage)  and  having  durations  ranging  from  a 
fraction  of  a microsecond  to  a millisecond.  Overvoltages 
of  less  than  two  per  unit  are  not  covered  here,  nor  are 
transients  of  longer  duration  resulting  from  power  equip- 
ment operation  and  failure  modes.  Because  these  low- 
amplitude  and  long-duration  surges  are  generally  not 
amenable  to  suppression  by  conventional  surge  protective 
devices,  they  require  different  protection  techniques. 

1.  The  Origin  of  Surge  Voltages 

Surge  voltages  occurring  in  low-voltage  ac  power 
circuits  originate  from  two  major  sources:  load  switching 
transients  and  direct  or  indirect  lightning  effects  on  the 
power  system.  Load  switching  transients  can  be  further 
divided  into  transients  associated  with  (1)  major  power 
system  switching  disturbances,  such  as  capacitor  bank 
switching;  (2)  minor  switching  near  the  point  of  interest, 
such  as  an  appliance  turnoff  in  a household  or  the  turnoff 
of  other  loads  in  an  individual  system;  (3)  resonating 
circuits  associated  with  switching  devices,  such  as  thyris- 
tors; and  (4)  various  system  faults,  such  as  short  circuits 
and  arcing  faults.  Measurements  and  calculations  of 
lightning  effects  have  been  made  to  yield  data  on  what 
levels  can  be  produced,  even  if  the  exact  mechanism  of  any 
particular  surge  is  unknown.  The  major  mechanisms  by 
which  lightning  produces  surge  voltages  are  the  following: 

(a)  A direct  lightning  strike  to  a primary  circuit 
injects  high  currents  into  the  primary  circuit, 
producing  voltages  by  either  flowing  through 
ground  resistance  or  flowing  through  the  surge 
impedance  of  the  primary  conductors. 

(b)  A lightning  strike  that  misses  the  line  but  hits  a 
nearby  object  sets  up  electromagnetic  fields 
which  can  induce  voltages  on  the  conductors  of 
the  primary  circuit. 

(c)  The  rapid  collapse  of  voltage  that  occurs  when  a 
primary  arrester  operates  to  limit  the  primary 
voltage  couples  effectively  through  the  capaci- 
tance of  the  transformer  and  produces  surge 
voltages  in  addition  to  those  coupled  into  the 
secondary  circuit  by  normal  transformer  action. 

(d)  Lightning  strikes  the  secondary  circuits  directly. 
Very  high  currents  can  be  involved,  exceeding 
the  capability  of  conventional  devices. 

(e)  Lightning  ground  current  flow  resulting  from 
nearby  direct-to-ground  discharges  couples  onto 
the  common  ground  impedance  paths  of  the 
grounding  network. 

Fast-acting  protection  devices,  such  as  current- 
limiting  fuses  and  circuit  breakers  capable  of  clearing  or 
beginning  to  part  contacts  in  less  than  2 ms,  leave  trapped 
inductive  energy  in  the  circuit  upstream;  upon  collapse  of 
the  field,  very  high  voltages  are  generated. 

Transient  overvoltages  [ 1 ] associated  with  the 
switching  of  power  factor  correction  capacitors  have  lower 
frequencies  than  the  high-frequency  spikes  with  which  this 
document  is  concerned.  Their  levels,  at  least  in  the  case  of 
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restrike-free  switching  operations,  are  generally  less  than 
twice  normal  voltage  and  are  therefore  not  of  substantial 
concern  here,  but  should  not  be  overlooked. 

On  the  other  hand,  switching  operations  involving 
restrikes,  such  as  those  produced  by  air  contactors  or 
mercury  switches,  can  produce,  through  escalation,  surge 
voltages  of  complex  waveshapes  and  of  amplitudes  several 
times  greater  than  the  normal  system  voltage.  The 
severest  case  is  generally  found  on  the  load  side  of  the 
switch  and  involves  only  the  device  that  is  being  switched. 
While  this  situation  should  certainly  not  be  ignored,  in  such 
a case  the  prime  responsibility  for  protection  rests  with  the 
local  user  of  the  device  in  question.  However,  switching 
transients  can  also  appear  on  the  line  side  across  devices 
connected  to  the  line.  The  presence  and  source  of 
transients  may  be  unknown  to  the  users  of  those  devices. 
This  potentially  harmful  situation  occurs  often  enough  to 
command  attention. 

2.  Occurrence  and  Voltage  Levels 

in  Unprotected  Circuits  ™ 

2.1  Rate  of  Occurrence  Versus  VoltaRe  Level 

The  rate  of  occurrence  of  surges  varies  over  wide 
limits,  depending  on  the  particular  system.  Prediction  of 
the  rate  for  a particular  system  is  always  difficult  and 
frequently  impossible.  Rate  is  related  to  the  level  of  the 
surges;  low-level  surges  are  more  prevalent  than  high-level 
surges  [ 3] . Data  collected  from  many  sources  (Appendix  I) 
have  led  to  the  plot  shown  in  Figure  1.  This  prediction 
shows  with  certainty  only  a relative  frequency  of  occur- 
rence, while  the  absolute  number  of  occurrences  can  be 
described  only  for  an  "average  location."  The  "high 
exposure"  and  "low  exposure"  limits  of  the  band  are  shown 
as  a guide,  not  as  absolute  limits  [2],  to  reflect  both  the 
location  exposure  (lightning  activity  in  the  area  and  the 
nature  of  the  system)  and  the  exposure  to  switching  surges 
created  by  other  loads.  Such  data  are  useful  in  that  they 
describe  the  maximum  levels  likely  to  be  encountered  and 
give  some  estimate  of  the  rate  of  occurrence  of  such 
surges.  Of  equal  importance  is  the  observation  that  surges 
in  the  range  of  1 to  2 kV  are  fairly  common  in  residential 
circuits. 
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Figure  1.  Rate  of  Surge  Occurrence  vs  Voltage  Level 


3.  Waveshape  of  Representative  Surge  Voltages 

3.1  Waveshapes  in  Actual  Occurrences 

Indoor  - Measurements  in  the  field,  measurements  in 
the  laboratory,  and  theoretical  calculations  indicate 
that  most  surge  voltages  in  indoor  low-voltage  sys- 
tems have  oscillatory  waveshapes,  unlike  the  well- 
known  and  generally  accepted  unidirectional  waves 
specified  in  high-voltage  insulation  standards.  A 
surge  impinging  on  the  system  excites  the  natural 
resonant  frequencies  of  the  conductor  system.  As  a 
result,  not  only  are  the  surges  typically  oscillatory, 
but  surges  may  have  different  amplitudes  and  wave- 
shapes at  different  places  in  the  system.  These 
oscillatory  frequencies  of  surges  range  from  5 kHz  to 
more  than  500  kHz.  A 30  to  100  kHz  frequency  is  a 
realistic  measure  of  a "typical"  surge  for  most 
residential  and  light  industrial  ac  line  networks. 

Outdoor  - Surges  encountered  in  outdoor  locations 
have  also  been  recorded,  some  being  oscillatory  [5], 
others  being  unidirectional.  Because  the  overriding 
concern  here  is  the  energy  associated  with  these 
surges,  a conservative  but  realistic  description  of  the 
surges  can  be  derived  from  the  long-established 
specified  duty  of  a secondary  arrester,  as  detailed  in 
Paragraph  3.2.  While  this  specification  is  arbitrary, 
it  has  the  strength  of  experience  and  successful 
usage. 

3.2  Selection  of  Representative  Waveshapes 

The  definition  of  a waveshape  to  be  used  as  repre- 
sentative of  the  environment  is  important  for  the  design  of 
candidate  protective  devices,  since  unrealistic  require- 
ments, such  as  excessive  duration  of  the  voltage  or  very 
low  source  impedance,  place  a high  energy  requirement  on 
the  suppressor,  with  a resulting  cost  penalty  to  the  end 
user.  The  two  requirements  defined  below  reflect  this 
trade-off. 

Indoor  - Based  on  measurements  conducted  by  several 
independent  organizations  in  120  and  240  V systems 
(Appendix  1),  the  waveshape  shown  in  Figure  2 is 
reasonably  representative  of  surge  voltage  in  these 
power  circuits.  Under  the  proposed  description  of  a 
"0.5  ps  x 100  kHz  ring  wave,"  this  waveshape  rises  in 
0.5  ms,  then  decays  while  oscillating  at  100  kHz,  each 
peak  being  about  60%  of  the  preceding  peak. 


Figure  2.  The  Proposed  0.5  us  x 100  kHz  Ring  Wave 
(Open-circuit  Voltage) 


From  the  relative  values  of  Figure  1,  two  typical 
levels  can  be  cited  for  practical  applications.  First,  the 
expectation  of  a 3 kV  transient  occurrence  on  a 120  V 
circuit  ranges  from  0.01  to  i per  year  at  a given  location  - 
a number  sufficiently  high  to  justify  the  recommendation 
of  a minimum  3 kV  withstand  capability.  Second,  the 
wiring  flashover  limits  indicate  that  a 6 kV  withstand 
capability  may  be  sufficient  to  ensure  device  survival 
indoors,  but  a 10  kV  withstand  capability  may  be  required 
outdoors. 

2.2  Timing  of  Occurrence 

Surges  occur  at  random  times  with  respect  to  the 
power  frequency,  and  the  failure  mode  of  equipment  may 
be  affected  by  the  power  frequency  follow  current. 
Furthermore,  the  timing  of  the  surge  with  respect  to  the 
power  frequency  may  affect  the  level  at  which  failure 
occurs  1 4 1 . Consequently,  surge  testing  must  be  done  with 
the  line  voltage  applied  to  the  test  piece. 


The  fast  rise  can  produce  the  effects  associated  with 
nonlinear  voltage  distribution  in  windings  and  the 
dv/dt  effects  on  semiconductors.  Shorter  rise  times 
are  found  in  many  transients,  but,  as  those  transients 
propagate  into  the  wiring  or  are  reflected  from 
discontinuities  in  the  wiring,  the  rise  time  becomes 
longer. 

The  oscillating  and  decaying  tail  produces  the  effects 
of  voltage  polarity  reversals  in  surge  suppressors  or 
other  devices  that  may  be  sensitive  to  polarity 
changes.  Some  semiconductors  are  particularly  sensi- 
tive to  damage  when  being  forced  into  or  out  of  a 
conducting  state,  or  when  the  transient  is  applied 
during  a particular  portion  of  the  fif)  H7  supply  cycle 
(Appendix  II).  The  response  of  a surge  suppressor  can 
also  be  affected  by  reversals  in  the  polarity,  as  in  the 
case  of  RC  attenuation  before  a rectifier  circuit  in  a 
dc  power  supply. 
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The  pulse  withstand  capability  of  many  semiconduc- 
tors tends  to  improve  if  the  surge  duration  is  much 
shorter  than  one  microsecond.  For  this  reason,  the 
first  half-cycle  of  the  test  wave  must  have  a 
sufficient  duration. 

Outdoor  - In  the  outdoor  and  service  entrance 
environment,  as  well  as  in  locations  close  to  the 
service  entrance,  substantial  energy,  or  current,  is 
still  available.  For  these  locations,  the  unidirectional 
impulses  long  established  for  secondary  arresters  are 
more  appropriate  than  the  oscillatory  wave. 

Accordingly,  the  recommended  waveshape  is  1.2  x 
50  ps  for  open-circuit  voltage  and  8 x 20  us  for 
short-circuit  current  or  current  in  a low-impedance 
device.  The  numbers  used  to  describe  the  impulse, 
1.2  x 50  and  8 x 20,  are  as  defined  in  IEEE  Standard 
28  - ANSI  Standard  C62.1;  Figure  3 presents  the 
waveshape  and  a graphic  description  of  the  numbers. 


Figure  3.  Waveshapes  for  Outdoor  Locations 


4.  Energy  and  Source  Impedance 

4.1  General 

The  energy  involved  in  the  interaction  of  a power 
system  with  a surge  source  and  a surge  suppressor  will 
divide  between  the  source  and  the  suppressor  in  accordance 
with  the  characteristics  of  the  two  impedances.  In  a gap- 
type  suppressor,  the  low  impedance  of  the  arc  after 
sparkover  forces  most  of  the  energy  to  be  dissipated 
elsewhere:  for  instance,  in  a power-follow  current-limiting 
resistor  that  has  been  added  in  series  with  the  gap.  In  an 
energy-absorber  suppressor,  by  its  very  nature,  a substan- 
tial share  of  the  surge  energy  is  dissipated  in  the 
suppressor,  but  its  clamping  action  does  not  involve  the 
power-follow  energy  resulting  from  the  short-circuit  action 
of  a gap.  It  is  therefore  essential  to  the  effective  use  of 
suppression  devices  that  a realistic  assumption  be  made 
about  the  source  impedance  of  the  surge  whose  effects  are 
to  be  duplicated. 

The  voltage  wave  shown  in  Figure  2 is  intended  to 
represent  the  waveshape  a surge  source  would  produce 
across  an  open  circuit.  The  waveshape  will  be  different 
when  the  source  is  connected  to  a load  having  a lower 
impedance,  and  the  degree  to  which  it  is  lower  is  a function 
of  the  impedance  of  the  source  [6], 

The  degree  to  which  source  impedance  is  important 
depends  largely  on  the  type  of  surge  suppressors  that  are 

uacvl.  T1  ic:  duigc  au|^»i  s inual  Lrc  able  will  is  la  I nJ  it  it; 

current  passed  through  them  by  the  surge  source.  A test 
generator  of  too  high  an  impedance  may  not  subject  the 
device  under  test  to  sufficient  stresses,  while  a generator 
of  too  low  an  impedance  may  subject  protective  devices  to 
unrealistically  severe  stresses.  A test  voltage  wave 


specified  without  reference  to  source  impedance  could 
imply  zero  source  impedance  - one  capable  of  producing 
that  voltage  across  any  impedance,  even  a short  circuit. 
That  would  imply  an  infinite  surge  current,  clearly  an 
unrealistic  situation. 

4.2  Proposed  Approach 

because  of  the  wide  range  of  possible  source  im- 
pedances and  the  difficulty  of  selecting  a specific  value, 
three  broad  categories  of  building  locations  are  proposed  to 
represent  the  vast  majority  of  locations  [7,8  J,  from  those 
near  the  service  entrance  to  those  remote  from  it.  The 
source  impedance  of  the  surge  increases  from  the  outside 
to  locations  well  within  the  building.  Open-circuit 
voltages,  on  the  other  hand,  show  little  variation  within  a 
building  because  the  wiring  provides  little  attenuation  l 9). 
Table  1 outlines  the  three  categories  of  building  wiring. 

Table  2 shows  open-circuit  voltages  and  short-circuit 
currents  for  each  of  the  three  categories.  The  energy 
deposited  in  a 500  V suppressor  has  been  computed  and  is 
shown  for  each  of  the  categories. 

TABLE  I 

Location  Categories 


A.  Outside  and  Service  Entrance 

Service  drop  from  pole  to  building  enrtance 
Run  between  meter  and  distribution  panej^ 
Overhead  line  to  detached  buildings 
Underground  lines  to  well  pumps 

B.  Major  Feeders  and  Short  Branch  Circuits 
Distribution  panel  devices 

Bus  and  feeder  systems  in  industrial  plants 

Heavy  appliance  outlets  with  "short"  connections 
to  the  service  entrance 

Lighting  systems  in  commercial  buildings 

C.  Outlets  and  Long  Branch  Circuits 

All  outlets  at  more  than  10  m (30  ft)  from 
Category  B with  wires  #14-10 

All  outlets  at  more  than  20  m (60  ft)  from 
Category  A with  wires  #14-10 


TABLE  2 

Ranges  of  Voltage  and  Currents 


Energy  Depos- 

Maximum 

ited  in  a 500  V 

Location 

Impulse 

Suppressor 

A.  Outdoor  and 

• 10  kV  1.2  x 30  ps  for 

Service 

high-impedance  circuits 

Entrance 

• 10  kA  8 x 20  us  for 

low-impedance  circuits 

150 

B.  Major  Feeders  »6  kV  1.2  x 50  Us  for 

and  Short 

high-impedance  circuits 

Branch 

•3  kA  8 x 20  us  for 

Circuits 

impedance  circuits 

40 

• 6 kV  0.5  ps  x 100  kHz 

for  high-impedance  circuits 

• 500  A short  circuit  for 

low-impedance  circuits 

2 

C.  Long  Branch 

• 6 kV  0.5  us  x 100  kHz  for 

Circuits  and 

high-impedance  circuits 

Outlets 

• 200  A short  circuit  for 

low-impedance  circuits 

0.8 

The  values  si  town  in  the  table  represent  the  maximum 

range,  corresponding  to  the  "High  Exposure"  situation  of 
Figure  1.  For  less  exposed  systems,  or  when  the  prospect 
of  a failure  is  not  highly  objectionable,  one  could  specify 
lower  values  of  open-circuit  voltages  with  corresponding 
reductions  in  the  currents. 
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5.  Conclusion 


2.  Recordings  by  General  Electric  Company 


The  broad  range  of  surge  voltages  occurring  in  low- 
voltage  ac  power  circuits  can  be  simulated  by  a limited  set 
of  test  waves,  for  the  purpose  of  evaluating  their  effects 
on  equipment. 

Field  measurements,  laboratory  experiments,  and 
calculations  indicate  that  two  basic  waves,  at  various  open- 
circuit  voltages  and  short-circuit  current  values,  can 
represent  the  majority  of  surges  occurring  in  residential, 
commercial,  and  light  industrial  power  systems  rated  up  to 
600  V rms. 

exceptions  will  be  found  to  the  simplification  of  a 
broad  guideline;  however,  these  should  not  detract  from  the 
benefits  that  can  be  expected  from  a reasonably  valid 
uniformity  in  defining  the  environment.  Other  test  waves 
of  different  shapes  may  be  appropriate  for  other  purposes, 
and  the  present  guideline  should  not  be  imposed  where  it  is 
not  applicable. 
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Appendix  I - Data  Base 

Recordings  and  surge  counter  data  have  been  con- 
tributed from  several  sources,  in  addition  to  the  surge 
counter  data  obtained  by  members  of  the  working  group. 
Representative  oscillograms  and  summary  statistics  are 
reproduced  in  this  appendix,  in  support  of  the  voltage  levels 
and  oscillatory  wave  proposals. 

I.  Recordings  by  Bell  Telephone  Laboratories 

(Data  contributed  by  P.  Speranza,  internal  report, 
unpublished  to  date) 

1.1  Typical  Surge  Counter  Statistics 

120  V line  at  BTL  facility  in  Chester,  New  Jersey, 

during  42  months  of  monitoring: 

146  counts  at  300  to  500  V 
14  counts  at  500  to  1000  V 
3 counts  at  1 000  to  1 500  V 
3 counts  above  1500  V 

1.2  Typical  Automatic  Recording  Oscilloscopes 


277/480  V SERVICE  ENTRANCE 


(Data  contributed  by  F.D.  Martzloff  121) 

2.1  Surge  Counter  Statistics 

a)  three  percent  of  all  U.S.  residences  experience 
frequent  occurrences  (one  per  week  or  more) 
above  1200  V 

b)  There  is  a 100:1  reduction  in  the  rate  of  device 
failure  when  the  withstand  level  is  raised  from 
2 kV  to  6 kV. 

2.2  Typical  Automatic  Recording  Oscilloscopes 


0 S 10  JO  30  40  50  75  too  MS 
FURNACE  IGNITION  ■ 34  HOUR  PERIOD 

V 

4000 
2000 
0 

2000 
4000 

0 5 10  20  30  40  50  75  100  M> 

STREET  POLE,  LIGHTNING  STORM 

2.3  Simulated  Lightning  Strokes  on  a Residential  Power 

Circuit  (Laboratory  Model  of  System)  I $T 


1.5  kA  current  impulse  (8  x 20  us 
approx.)  is  injected  in  ground  wire 
only  of  service  drop.  (Higher  cur- 
rents  produce  tlashover  of  wiring) 


500  A/div 
5 us/div 


Recording  of  open-circuit  voltage 
at  a branch  circuit  outlet: 

2200  V peak  300  kHz  oscillations 


500  V/div 
2 us/div 

By  connecting  a 1 30  R load  at  the 
same  outlet  (1A  load)  the  voltage 
is  reduced  to  1400  V peak,  with 
more  damping. 


500  V/div 
2 us/div 

Conclusions  From  This  Test  Series 

t.  A current  of  1.5  kA  (moderate  for  a lightning 
discharge  injected  in  the  ground  system)  raises 
tne  wiring  system  ot  tne  nouse  i.i  kv  aoove 
ground.  Four  kiloam peres  (still  a moderate 
value)  will  bring  this  voltage  to  6 kV,  the 
typical  flashover  value  of  the  wiring. 

2.  A natural  frequency  of  500  kHz  is  excited  by  a 
unidirectional  impulse. 
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85n2 


3.  In  this  example,  the  source  of  the  transient 
(from  the  loading  effect  of  130^)  appears  as 


Z = 130  ft 


2200 

140(5 


= 75  ft 


3.  Statistics  By  Landis  and  Gyr  Company 

Surge  counter  data  on  various  locations  in  Swiss  220  V 
systems  (Data  contributed  by  L.  Regez  - unpublished  to 
date) 


Service  entrance,  16-lamily  house,  under- 
ground system 

— — Same  house,  outlet  third  floor  living  room 

— Same  house,  outlet  filth  floor  living  room 

• ------  Service  entrance  of  bank  building  in  Basel 

— Landis  and  Gyr  Plant,  Zug,  outlet  in  lab. 

Landis  and  Gyr.  Zug,  outlet  in  furnace  room 

Farmhouse  supplied  by  overhead  lines 

4.  Working  Group  Surge  Counter  Statistics 

Surge  counters  with  four  threshold  levels  (350,  500, 
1000,  and  1500  V)  were  used  to  record  surge  occurrences  at 
various  locations.  Members  of  the  Working  Croup  installed 
these  on  120  and  240  V systems  of  various  types,  including 
the  following:  outlets  in  urban,  suburban,  and  rural 
residences;  outlets  in  a hospital;  secondary  circuits  on 
distribution  system  poles  (recloser  controls);  secondary  of 
padrmounted  distribution  transformers;  lighting  circuits  in 
an  industrial  plant;  life  test  racks  at  an  appliance  manu- 
facturer; bench  power  supply  in  a laboratory. 

Summary  Statistics  of  these  measurements  are  as  follows: 

1.  Data  base  from  IS  locations  with  a total  recording 
time  of  12  years  spread  over  4 calendar  years, 
using  6 counters. 

2.  Number  of  occurrences  per  year  (weighted  aver- 
ages) at  "average  location." 

• 350  V:  22 

• 500  V:  1 1 

• 1000  V:  7 

• 1500  V:  3 

3.  Significant  extremes 

• One  home  with  large  number  of  surges 
caused  by  washer  operation. 

• Four  locations  out  of  18  never  experienced  a 
surge. 

• One  home  experienced  several  occurrences 
above  1 500  V,  with  none  below  that  value. 

• One  industrial  location  (switching  of  a test 
rack)  produced  thousands  of  surges  in  the 
350-500  V range,  and  several  surges  in 
excess  of  1500  V.  This  location  was  left  out 
of  the  average  computation,  but  it  exempli- 
fies a significant  extreme. 

From  the  data  base  cited  in  the  preceding  pages,  one 
can  draw  the  chart  below,  including  the  following  informa- 
tion on  voltage  vs  frequency  (rate)  of  occurrence: 

1.  The  Bell  Laboratories  data  yield  a point  of  1000  V 
at  about  2 occurrences  per  year  ( • ). 


2.  The  General  Electric  counter  statistics  yield  a 
point  of  1200  V at  about  1 occurrence  per  year  (x). 

3.  The  General  Electric  clock  data  indicate  a slope  of 

100:1  from  2 kV  to  6 kV  ( ). 

4.  The  Regez  data  provide  a band  for  the  majority  of 
locations  (shown  cross-hatched),  with  the  excep- 
tion of  the  rural  location  with  long  overhead  line, 
which  has  more  occurrences. 

5.  Working  Group  statistics  (.  — . — ) indicate  a less 
steep  slope,  perhaps  because  of  the  influence  of 
outdoor  locations  included  in  the  sample  (similar 
to  the  rural  data  ol  Regez). 

The  proposed  curve,  which  is  the  center  of  the  ±10 

range  of  Figure  1,  is  shown  in  bold  dashed  lines  ( ). 

It  has  been  drawn  at  the  100:1  slope,  passing  near  the  Bell 
and  General  Electric  points  and  located  within  the  band  of 
the  Regez  data. 


Appendix  II  - Effect  of  Transient  Polarity  Reversals 
on  Semiconductors 

Breakdown  of  semiconductors  under  various  condi- 
tions of  load  and  transient  overvoltage  applications  has 
been  investigated.  + Evidence  is  presented  in  the  two 

investigations  cited  that  a reverse  voltage  applied  during 
the  conduction  period  of  the  power  frequency  produces 
lower  breakdown  voltages  than  the  application  of  the  same 
transient  with  no  load  or  during  blocking.  Examples  are 
given  below,  taken  from  these  two  investigations,  showing 
statistically  significant  differences  in  the  voltage  levels. 


Average 
Breakdown  (V) 

INI  190  Diode* 

Transient  at  no  load 

197} 

Fast  wave  under  load 

830 

Slow  wave  under  load 

1097 

IN2160  Diode* 

Transient  at  no  load 

2056 

Fast  wave  under  load 

89k 

Slow  wave  under  load 

1106 

IN679  Diode  t 

Transient  applied  at: 

- peak  of  reverse  voltage 

1766 

-25°  alter  start  of  conduction 

1181 

-90°  after  start  of  conduction 

906 

-155°  after  start  of  conduction 

1115 

This  effect  is  one  of  the  reasons  for  selecting  an 
oscillatory  waveform  to  represent  the  environment:  it  will 
be  more  likely  to  induce  semiconductor  failures  than  a 
unidirectional  wave.  Also,  it  shows  the  significance  of  the 
timing  of  the  transient  application  with  respect  to  the 
power  frequency  cycle. 

Appendix  111  - Notes  and  References 
1.  Surge  Voltage 

Definitions  of  terms  used  in  this  guideline  are 
consistent  with  IEEE  Standard  100-1977, Dictionary  of  Elec- 
trical and  Electronic  Terms.  2nd  ed.;  however,  some  dif- 
ferences exist.  For  instance,  IEEE  Std  100-1977  defines  a 
surge  as  a "transient  wave  of  current,  potential  or  power  in 
the  electric  circuit"~a  definition  broader  than  that  used 
•Chowdhuri,  P.,  "Transient- Voltage  Characteristics  of 
Silicon  Power  Rectifiers,"  IEEE  IA-9,  5,  September/ 
October  1973,  p.  582. 

t F.D.  Martzloff,  internal  report,  unpublished. 
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here.  Transient  overvoltage  is  defined  as  "the  peak  voltage 
during  the  transient  condition  resulting  from  the  operation 
of  a switching  device" — a definition  more  restricted  than 
that  of  the  present  guideline. 

2.  Amplitudes  of  Strikes,  Worst  Case 

The  surge  voltages  described  in  this  guideline  include 
lightning  effects  on  power  systems,  mostly  strikes  in  the 
vicinity  of  a power  line,  or  at  a remote  point  of  the  power 
system.  The  literature  describes  the  frequency  of  occur- 
rence vs  amplitude  of  lightning  strikes,  from  the  low  levels 
of  a few  kiloam  peres,  through  the  median  values  of  about 
20  kA,  to  the  exceptional  values  in  excess  of  100  kA. 
Clearly,  a secondary  arrester  rated  for  10  kA  can  protect 
adequately  in  case  of  a mild  direct  strike,  or  of  a more 
severe  strike  divided  among  several  paths  to  ground. 
However,  a very  high  and  direct  strike  will  exceed  the 
capability  of  an  ANSI-rated  secondary  arrester. 

References; 

Cianos,  N.  and  E.T.Pierce,  A Ground- Lightning  Environ- 
ment for  Engineering  Usage,  Stanford  Research  Institute, 
Menlo  Park,  CA  94205,  August  1922. 

Bodle,  D.W.,  A.3.  Ghazi,  M.  Syed,  and  R.L.  Woodside,  Char- 
acterization of  the  Electrical  Environment.  Toronto  and 
Buffalo,  N.Y.;  University  of  Toronto  Press,  1976. 

Martzloff,  F.D.  and  G.3.  Hahn,  "Surge  Voltage  in  Residen- 
tial and  Industrial  Power  Circuits,"  IEEE  PAS-89,  6,  3u!y/ 
August  1970,  1049-1056. 

3.  Level  vs  Rate  of  Occurrence 

The  relationship  between  the  level  and  the  rate  of 
occurrence  of  surges  is  partly  caused  by  the  attenuation  of 
the  surges  as  they  propagate  away  from  the  source  of  the 
surge  and  divide  among  paths  beyond  branching  (joints. 
Equipment  at  a given  point  will  be  subjected  to  a relatively 
small  number  of  high-level  surges  from  nearby  sources,  but 
to  a larger  number  of  surges  from  more  remote  sources. 

4.  Timing  of  Surges  with  Respect  to  Power  Frequency 

Lightning  surges  are  completely  random  In  their 
timing  with  respect  to  the  power  frequency.  Switching 
surges  are  likely  to  occur  near  or  after  current  zero,  but 
variable  load  power  factors  will  produce  a quasi-random 
distribution.  Some  semiconductors,  as  shown  in  Ap- 
pendix II,  exhibit  failure  levels  that  depend  on  the  timing  of 
the  surge  with  respect  to  the  conduction  of  power 
frequency  current.  Gaps  or  other  devices  involving  a 
power-follow  current  may  withstand  this  power  follow  with 
success,  depending  upon  the  fraction  of  the  half-cycle 
remaining  after  the  surge  before  current  zero.  Therefore, 
it  is  important  to  consider  the  timing  of  the  surge  with  i 
respect  to  the  power  frequency.  In  performing  tests,  either  I 
complete  randomization  of  the  timing  or  controlled  timing 
should  be  specified,  with  a sufficient  number  of  timing 
conditions  to  reveal  the  most  critical  timing. 

5.  Oscillatory  Surges  During  Lightning 

The  "classical  lightning  surge"  has  been  established  as 
1.2  x 50  Ps  for  a voltage  wave  and  8 x 20  ys  for  a current 
wave.  Evidence  has  been  collected,  however,  to  show  that 
oscillations  can  also  occur.  Lenz  reports  50  lightning 
surges  recorded  in  two  locations,  the  highest  at  5.6  kV, 
with  frequencies  ranging  from  100  to  500  kHz.  Martzloff 
reports  oscillatory  lightning  surges  in  a house  during  a 
multiple-stroke  flash. 

References; 

Lenz,  3.E.,  "Basic  Impulse  Insulation  Levels  of  Mercury 
Lamp  Ballast  for  Outdoor  Applications,"  Illuminating  Engrg., 
February  1964,  pp.  133-140. 

Martzloff,  F.D.  and  G.3.  Hahn,  "Surge  Voltage  in  Resi- 
dential and  Industrial  Power  Circuit,"  IEEE  PAS-89,  6,  3uly/ 
August  1970,  1049-1056. 

6.  Surge  Impedance  and  Source  Impedance 

to  prevent  misunderstanding,  a distinction  between 
source  impedance  and  surge  impedance  needs  to  be  made. 
Surge  impedance,  also  called  characteristic  Impedance,  is  a 
concept  relating  the  parameters  of  a long  line  to  the 
propagation  of  traveling  waves.  For  the  wiring  practices  of 
the  ac  power  circuits  discussed  here,  this  characteristic 
impedance  would  be  in  the  range  of  150  to  300  £1 , but 
because  the  durations  of  the  waves  being  discussed  (50  to 


20  ys)  are  much  longer  than  the  travel  times  in  the  wiring 
systems  being  considered,  traveling  wave  analyses  are  not 
useful  here. 

Source  impedance,  defined  as  "the  impedance 
presented  by  a source  of  energy  to  the  input  terminals  of  a 
device,  or  network"  (IEEE  Standard  100),  is  a more  useful 
concept  here. 

7.  Power  System  Source  Impedance 

The  measurements  from  which  Figure  1 was  derived 
were  of  voltage  only.  Little  was  known  about  the 
impedance  of  the  circuits  upon  which  the  measurements 
were  made.  Since  then,  measurements  have  been  reported 
on  the  impedance  of  power  systems.  Bull  reports  that  the 
impedance  of  a power  system,  seen  from  the  outlets, 
exhibits  the  characteristics  of  a 50ft  resistor  with  50  pH  in 
parallel.  Attempts  were  made  to  combine  the  observed 
6 kV  open-circuit  voltage  with  the  assumption  of  a 
50ft/50yH  impedance.  This  combination  resulted  in  low 
energy  deposition  capability,  which  was  contradicted  by 
field  experience  of  suppressor  performance.  The  problem 
led  to  the  proposed  definition  of  oscillatory  waves  as  well 
as  high-energy  unidirectional  waves,  in  order  to  provide 
both  the  effects  of  an  oscillatory  wave  and  the  high-energy 
deposition  capability. 

Reference: 

Bull,  3.H.,  "Impedance  of  the  Supply  Mams  at  Radio 
Frequencies,"  Proceedings  of  1st  Symposium  on  EMC, 
75CH1012-4  Mont.,  Montreux,  May  1975. 

8.  Installation  Categories 

Subcommittee  28A  of  the  International  Electrotech- 
nical Commission  has  prepared  a report,  referenced  below, 
in  which  installation  categories  are  defined.  These 
installation  categories  divide  the  power  systems  according 
to  the  location  in  the  building,  in  a manner  similar  to  the 
location  categories  defined  in  this  guideline.  However, 
there  are  some  significant  differences  between  the  two 
concepts.  First,  the  1EC  categories  are  defined  for  a 
"Controlled  Voltage  Situation,"  a phrase  that  implies  the 
presence  of  some  surge  suppression  device  or  surge 
attenuation  mechanism  to  reduce  the  voltage  levels  from 
one  category  to  the  next.  Second,  the  IEC  report  is  more 
concerned  with  insulation  coordination  than  with  the 
application  of  surge  protective  devices;  therefore  it  does 
not  address  the  question  of  the  coordination  of  the 
protectors,  but  rather  the  coordination  of  insulation  levels 
- that  is,  voltages.  Source  impedances,  in  contrast  to  this 
guideline,  have  not  been  defined.  Further  discussion  and 
work  toward  the  application  guidelines  of  both  documents 
should  eventually  produce  a consistent  set  of  recommenda- 
tions. 

References 

Insulation  Coordination  Within  Low-Voltage  Systems  In- 
cluding Clearances  and  Creepage  Distances  for  Equipment. 
International  Electrotechnical  Commission,  Report  SC28A 
(Central  Office)  5,  to  be  published  in  1979. 

9.  Open-Circuit  Voltages  and  Wiring  Flashover 

Surges  propagate  with  very  little  attenuation  in  a 
power  system  with  no  substantia!  connected  loads. 
Measurements  made  in  an  actual  residential  system  as  well 
as  in  a laboratory  simulation  have  shown  that  the  most 
significant  limitation  is  produced  by  wiring  flashover,  not 
be  attenuation  along  the  wires.  Ironically,  a carefully 
insulated  installation  is  likely  to  experience  higher  surge 
voltages  than  an  installation  where  wiring  flashover  occurs 
at  low  levels.  Therefore,  the  open-circuit  voltage  specified 
at  the  origin  of  a power  system  must  be  assumed  to 
propagate  unattenuated  far  into  the  system,  which  is  the 
reason  for  maintaining  the  6 kV  surge  specification  when 
going  from  the  "B"  location  to  the  "C"  location. 
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protection  contre  les  surtensions  dans  les  reseaux  basse 
tension  residentiels,"  Proceedings,  1978  IEEE  Canadian 
Conference  on  Communications  and  Power,  78CH 1373-0, 
pp.  til-tot. 

Martzloff,  F.D.  Surge  Voltage  Suppression  in  Residential 
Power  Circuits.  Report  76CRD092,  Corporate  Research 
and  Development,  General  Electric  Company,  Schenectady, 
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Abstract  - Surge  voltages  in  ac  power  circuits  become  more  significant 
with  the  increased  application  of  miniaturized  electronics  in  consumer 
and  industrial  products.  A Working  Group  of  IEEE  is  preparing  a 
Guideline  describing  the  nature  of  these  surges  in  ac  power  circuits  up 
to  600  V. 

The  paper  describes  the  data  base  and  approach  used  by  the 
Working  Group  and  the  recommendations  proposed  to  represent  typical 
surges,  in  order  to  obtain  feedback  before  the  final  writing  of  the 
Guideline. 

Two  waveforms  are  proposed,  one  oscillatory,  the  other 
unidirectional,  depending  on  the  location  within  the  power  system. 
Recommendations  for  source  impedance  or  short-circuit  current  are 
also  included. 

INTRODUCTION 

Surge  voltages  occurring  in  ac  power  circuits  can  be  the  cause 
of  misoperation  or  product  failure  for  residential  as  well  as  industrial 
systems.  The  problem  has  received  increased  attention  in  recent  years 
because  miniaturized  solid  state  devices  are  more  sensitive  to  voltage 
surges  (spikes  and  transients)  than  were  their  predecessors. 

Although  surge  voltage  amplitudes  and  their  frequency  of 
occurrence  on  unprotected  circuits  are  well  known,  their  waveshapes 
and  energy  content  are  less  well  known.  On  the  basis  of  measure- 
ments, statistics,  and  theoretical  considerations,  a practical  guideline 
for  outlining  the  environment  for  use  in  predicting  extreme  wave- 
shapes and  energy  content  can  nevertheless  be  established.  A Working 
Group  of  the  Surge  Protective  Devices  Committee  is  currently 
developing  such  a guideline;  this  paper  reports  the  status  of  the 
Guideline,  presents  the  considerations  which  led  to  the  approach 
chosen,  and  provides  a possible  vehicle  for  discussion  before  the  final 
writing  and  publication  of  the  Guideline. 

SCOPE 

The  Guideline  primarily  addresses  ac  power  circuits  with  rated 
voltages  up  to  600  V,  although  some  of  the  conclusions  offered  could 
apply  to  higher  voltages  and  also  to  some  dc  power  systems.  Other 
standards  have  been  established,  such  as  IEEE  472,  Guide  for  Surge 
Withstand  Capability  (SWC)  Tests,  intended  for  the  special  case  of 
high-voltage  substation  environments,  and  IEEE  28,  Standard  for  Surge 
Arresters  for  ac  Power  Circuits,  covering  primarily  the  utilities  en- 
vironment. The  Guideline  intends  to  complement,  not  conflict  with, 
existing  standards. 

The  surge  voltages  considered  in  the  Guideline  are  those 
exceeding  two  per  unit  (or  twice  the  peak  operating  voltage)  and 
having  durations  ranging  from  a fraction  of  a microsecond  to  a 
millisecond.  Overvoltages  of  less  than  two  per  unit  are  not  covered, 
nor  are  transients  of  longer  duration  resulting  from  power  equipment 
operation  and  failure  modes.  Because  these  low-amplitude  and  long-: 
duration  surges  are  generally  not  amenable  to  suppression  by  conven- 
tional surge  protective  devices,  they  require  different  protection 
techniques. 

Definitions  of  terms  used  in  the  Guideline  are  consistent  with 
IEEE  Standard  1 00-1 977,  Dictionary  of  Electrical  and  Electronic 
Terms,  2nd  ed.;  however,  some  differences  exist.  For  instance,  IEEE 
5td  100-1977  defines  a surge  as  a "transient  wave  of  current,  potential 
or  power  in  the  electric  circuit"— a definition  broader  than  that  used 
here.  Transient  overvoltage  is  defined  as  "the  peak  voltage  during  the 
transient  condition  resulting  from  the  operation  of  a switching 
device"— a definition  more  restricted  than  that  of  the  Guideline. 

While  the  major  purpose  of  the  Guideline  is  to  describe  the  en- 
vironment, a secondary  purpose  is  to  lead  toward  standard  tests, 
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through  an  application  guide  that  will  be  prepared  in  the  future.  These 
standard  tests  will  provide  a realistic  evaluation  of  the  surge  withstand 
capability  of  equipment  connected  to  these  power  circuits.  Of 
necessity,  the  complex  real  situation  must  be  simplified  to  produce  a 
manageable  set  of  standards.  One  must  recognize  the  unavoidably 
arbitrary  character  of  any  standard  and  be  prepared  to  accept  an 
imperfect  approach  which  can  simplify  matters,  rather  than  demand  a 
perfect  but  unattainable  match  between  the  actual  situation  and  the 
standard. 

THE  ORIGIN  OF  SURGE  VOLTAGES 

Surge  voltages  occurring  in  low-voltage  ac  power  circuits 
originate  from  two  major  sources:  load  switching  transients  and  direct 
or  indirect  lightning  effects  on  the  power  system.  Load  switching 
transients  can  be  further  divided  into  transients  associated  with  (1) 
major  power  system  switching  disturbances,  such  as  capacitor  bank 
switching;  (2)  minor  switching  near  the  point  of  interest,  such  as  an 
appliance  turnoff  in  a household  or  the  turnoff  of  other  loads  in  an 
individual  system;  (3)  resonating  circuits  associated  with  switching 
devices,  such  as  thyristors;  and  (4)  various  system  faults,  such  as  short 
circuits  and  arcing  faults.  Measurements  and  calculations  of  lightning 
effects  have  been  made  to  yield  data  on  what  levels  can  be  produced, 
even  if  the  exact  mechanism  of  any  particular  surge  is  unknown.  The 
major  mechanisms  by  which  lightning  produces  surge  voltages  are  the 
following: 

(a)  A direct  lightning  strike  to  a primary  circuit  injects  high 
currents  into  the  primary  circuit,  producing  voltages  by 
either  flowing  through  ground  resistance  or  flowing 
through  the  surge  impedance  of  the  primary  conductors. 

(b)  A lightning  strike  that  misses  the  line  but  hits  a nearby 
object  sets  up  electromagnetic  fields  which  can  induce 
voltages  on  the  conductors  of  the  primary  circuit. 

(c)  The  rapid  collapse  of  voltage  that  occurs  when  a primary 
arrester  operates  to  limit  the  primary  voltage  couples 
effectively  through  the  capacitance  of  the  transformer 
and  produces  surge  voltages  in  addition  to  those  coupled 
into  the  secondary  circuit  by  normal  transformer  action. 

(d)  Lightning  strikes  the  secondary  circuits  directly.  Very 
high  currents  can  be  involved,  exceeding  the  capability 
of  conventional  devices. 

(e)  Lightning  ground  current  flow  resulting  from  nearby 
direct-to-ground  discharges  couples  onto  the  common 
ground  impedance  paths  of  the  grounding  network. 

Fast-acting  protection  devices,  such  as  current-limiting  fuses 
and  circuit  breakers  capable  of  clearing  or  beginning  to  part  contacts 
in  less  than  2 ms,  leave  trapped  inductive  energy  in  the  circuit 
upstream;  upon  collapse  of  the  field,  very  high  voltages  are  generated. 

Transient  overvoltages  associated  with  the  switching  of  power 
factor  correction  capacitors  1 1 1 have  lower  frequencies  than  the  high- 
frequency  spikes  with  which  this  document  is  concerned.  Their  levels, 
at  least  in  the  case  of  restrike-free  switching  operations,  are  generally 
less  than  twice  normal  voltage  and  therefore  are  not  of  substantial 
concern  here,  but  should  not  be  overlooked. 

On  the  other  hand,  switching  operations  involving  restrikes, 
such  as  those  produced  by  air  contactors  or  mercury  switches,  can 
produce,  through  escalation,  surge  voltages  of  complex  waveshapes  and 
of  amplitudes  several  times  greater  than  the  normal  system  voltage. 
The  severest  case  is  generally  found  on  the  load  side  of  the  switch  and 
involves  only  the  device  that  is  being  switched.  While  this  situation 
should  certainly  not  be  ignored,  in  such  a case  the  prime  responsibility 
for  protection  rests  with  the  local  user  of  the  device  in  question. 
However,  switching  transients  can  also  appear  on  the  line  side  across 
devices  connected  to  the  line.  The  presence  and  source  of  transients 
may  be  unknown  to  the  users  of  those  devices.  This  potentially 
harmful  situation  occurs  often  enough  to  command  attention. 

While  the  data  have  been  recorded  primarily  on  1 20,  220/380,  or 
277/480  V systems,  the  general  conclusions  should  be  valid  for  600  V 
systems.  To  the  extent  that  surge  voltages  are  produced  by  a discrete 
amount  of  energy  being  dumped  into  a power  system,  low-impedance, 
heavy  industrial  systems  can  be  expected  to  experience  lower  peaks 
from  surge  voltages  than  120  V residential  systems,  but  comparable,  or 
greater,  amounts  of  energy  potentially  available  for  deposition  in  a 
surge  suppressor. 
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OCCURRENCE  AND  VOLTAGE  LEVELS 

IN  UNPROTECTED  CIRCUITS 


Rate  of  Occurrence  Versus  Voltage  Level 

The  rate  of  occurrence  of  surges  varies  over  wide  limits, 
depending  on  the  particular  system.  Prediction  of  the  rate  for  a 
particular  system  is  always  difficult  and  frequently  impossible.  Rate 
is  related  to  the  level  of  the  surges;  low-level  surges  are  more 
prevalent  than  high-level  surges.  The  relationship  between  the  level 
and  the  rate  of  occurrence  of  surges  is  partly  caused  by  the 
attenuation  of  the  surges  as  they  propagate  away  from  the  source  of 
the  surge  and  divide  among  paths  beyond  branching  points.  Equipment 
at  a given  point  will  be  subjected  to  a relatively  small  number  of  high- 
level  surges  from  nearby  sources,  but  to  a larger  number  of  surges 
from  more  remote  sources. 

Data  collected  from  many  sources  have  led  to  the  plot  shown  in 
Fig.  1.  This  prediction  shows  with  certainty  only  a relative  frequency 
of  occurrence,  while  the  absolute  number  of  occurrences  can  be 
described  only  for  an  "average  location."  The  "high  exposure"  and  "low 
exposure"  limits  of  the  band  are  shown  as  a guide,  not  as  absolute 
limits,  to  reflect  both  the  location  exposure  (lightning  activity  in  the 
area  and  the  nature  of  the  system)  and  the  exposure  to  switching 
surges  created  by  other  loads. 

The  literature  describes  the  frequency  of  occurrence  vs 
amplitude  of  lightning  strikes,  from  the  low  levels  of  a few 
kiloamperes,  through  the  median  values  of  about  20  kA,  to  the 
exceptional  values  in  excess  of  100  kA  ( 2 ].  Clearly,  a secondary 
arrester  rated  for  10  kA  can  protect  adequately  in  case  of  a mild 
direct  strike,  or  of  a more  severe  strike  divided  among  several  paths  to 
ground.  However,  a very  high  and  direct  strike  will  exceed  the 
capability  of  an  ANSI-rated  secondary  arrester  [3  ]. 

The  voltage  and  current  amplitudes  presented  in  the  Guideline 
attempt  to  provide  for  the  vast  majority  of  lightning  strikes  but  should 
not  be  considered  as  "worst  case,"  since  this  concept  cannot  be 
determined  realistically.  One  should  think  in  terms  of  the  statistical 
distribution  of  strikes,  accepting  a reasonable  upper  limit  for  most 
cases.  Where  the  consequences  of  a failure  are  not  catastrophic  but 
merely  represent  an  annoying  economic  loss,  it  is  appropriate  to  make 
a trade-off  of  the  cost  of  protection  against  the  likelihood  of  a failure 
caused  by  a high  but  rare  surge.  For  instance,  a manufacturer  may  be 
concerned  with  nation-wide  failure  rates,  those  at  the  upper  limits  of 
the  distribution  curve,  while  the  user  of  a specific  system  may  be 
concerned  with  a single  failure  occurring  at  a specific  location  under 
"worst -case  conditions."  Rates  can  be  estimated  for  average  systems, 
however,  and  even  if  imprecise,  they  provide  manufacturers  and  users 
with  guidance.  Of  equal  importance  is  the  observation  that  surges  in 
the  range  of  1 to  2 kV  are  fairly  common  in  residential  circuits. 

From  the  relative  values  of  Fig.  1,  two  typical  levels  can  be 
cited  for  practical  applications.  First,  the  expectation  of  a 3 kV 
transient  occurrence  on  a 120  V circuit  ranges  from  0.01  to  1 per  year 
at  a given  location  - a number  sufficiently  high  to  justify  the 
recommendation  of  a minimum  3 kV  withstand  capability.  Second,  the 
wiring  flashover  limits  indicate  that  a 6 kV  withstand  capability  may 
be  sufficient  to  ensure  device  survival  indoors,  but  a 10  kV  withstand 
capability  may  be  required  outdoors. 
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Fig.  1.  Rate  of  surge  occurrence  vs  voltage  level. 
Timing  of  Occurrence 


near  or  after  current  zero,  but  variable  load  power  factors  will 
produce  a quasi-random  distribution.  Some  semiconductors,  as  shown 
in  Appendix  11,  exhibit  failure  levels  that  depend  on  the  timing  of  the 
surge  with  respect  to  the  conduction  of  power  frequency  current. 
Gaps  or  other  devices  involving  a power-foliow  current  may  withstand 
this  power  follow  with  success,  depending  upon  the  fraction  of  the 
half-cycle  remaining  after  the  surge  before  current  zero.  Therefore, 
it  is  important  to  consider  the  timing  of  the  surge  with  respect  to  the 
power  frequency.  In  performing  tests,  either  complete  randomization 
of  the  timing  or  controlled  timing  should  be  specified,  with  a sufficient 
number  of  timing  conditions  to  reveal  the  most  critical  timing. 

WAVESHAPE  OF  REPRESENTATIVE  SURGE  VOLTAGES 


Waveshapes  in  Actual  Occurrences 

Indoor  - Measurements  in  the  field,  measurements  in  the  laboratory, 
and  theoretical  calculations  indicate  that  most  surge  voltages  in  indoor 
low-voltage  systems  have  oscillatory  waveshapes,  unlike  the  well- 
known  and  generally  accepted  unidirectional  waves  specified  in  high- 
voltage  insulation  standards.  A surge  impinging  on  the  system  excites 
the  natural  resonant  frequencies  of  the  conductor  system.  As  a result, 
not  only  are  the  surges  typically  oscillatory,  but  surges  may  have 
different  amplitudes  and  waveshapes  at  different  places  in  the  system. 
These  oscillatory  frequencies  of  surges  range  from  5 kHz  to  more  than 
500  kHz.  A 30  to  100  kHz  frequency  is  a realistic  measure  of  a 
"typical"  surge  for  most  residential  and  light  industrial  ac  line 
networks. 

Outdoor  - Surges  encountered  in  outdoor  locations  have  also  been 
recorded,  some  being  oscillatory,  others  being  unidirectional.  The 
"classical  lightning  surge"  has  been  established  as  1 .2  x 50  u s for  a 
voltage  wave  and  8 x 20  ps  for  a current  wave.  Evidence  has  been 
collected,  however,  to  show  that  oscillations  can  also  occur.  Lenz  1 4 ) 
reports  50  lightning  surges  recorded  in  two  locations,  the  highest  at 
5.6  kV,  with  frequencies  ranging  from  100  to  500  kHz.  Martzloff  (5l 
reports  oscillatory  lightning  surges  in  a house  during  a multiple-stroke 
flash. 

Because  the  overriding  concern  here  is  the  energy  associated 
with  these  surges,  a conservative  but  realistic  description  of  the  surges 
can  be  derived  from  the  long-established  specified  duty  of  a secondary 
arrester,  as  detailed  below.  While  this  specification  is  arbitrary,  it  has 
the  strength  of  experience  and  successful  usage. 

Selection  of  Representative  Waveshapes 

The  definition  of  a waveshape  to  be  used  as  representative  of 
the  environment  is  important  for  the  design  of  candidate  protective 
devices,  since  unrealistic  requirements,  such  as  excessive  duration  of 
the  voltage  or  very  low  source  impedance,  place  a high  energy  require- 
ment on  the  suppressor,  with  a resulting  cost  penalty  to  the  end  user. 
The  two  requirements  defined  below  reflect  this  Trade-off. 

Indoor  - Based  on  measurements  conducted  by  several  independent 
organizations  in  120  and  240  V systems  (Appendix  I),  the  waveshape 
shown  in  Fig.  2 is  reasonably  representative  of  surge  voltages  in  these 
power  circuits.  Under  the  proposed  description  of  a "0.5  us  - 100  kHz 
ring  wave,"  this  waveshape  rises  in  0.5  us,  then  decays  while 
oscillating  at  100  kHz,  each  peak  being  about  60%  of  the  preceding 
peak. 


Fig.  2.  The  proposed  0.5  us  - 100  Hz  ring  wave 
(open-circuit  voltage). 

The  fast  rise  can  produce  the  effects  associated  with  nonlinear 
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tors.  Shorter  rise  times  are  found  in  many  transients,  but,  as  those 
transients  propagate  into  the  wiring  or  are  reflected  from 
discontinuities  in  the  wiring,  the  rise  time  becomes  longer. 


Surges  occur  at  random  times  with  respect  to  the  power 
frequency,  and  the  failure  mode  of  equipment  may  be  affected  by  the 
power  frequency  follow  current  or  by  the  timing.  Consequently,  surge 
testing  must  be  done  with  the  ac  voltage  applied  to  the  test  piece. 

Lightning  surges  are  completely  random  in  their  timing  with 
respect  to  the  power  frequency.  Switching  surges  are  likely  to  occur 


The  oscillating  and  decaying  tail  produces  the  effects  of  voltage 
polarity  reversals  in  surge  suppressors  or  other  devices  that  may  be 
sensitive  to  polarity  changes.  Some  semiconductors  are  particularly 
sensitive  to  damage  when  being  forced  into  or  out  of  a conducting 
state,  or  when  the  transient  is  applied  during  a particular  portion  of 
the  60  Hz  supply  cycle  (Appendix  II).  The  response  of  a surge 
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suppressor  can  also  be  affected  by  reversals  in  the  polarity,  as  in  the 
case  of  RC  attenuation  before  a rectifier  circuit  in  a dc  power  supply. 
The  pulse  withstand  capability  of  many  semiconductors  tends  to 
improve  if  the  surge  duration  is  much  shorter  than  one  microsecond. 
For  this  reason,  the  first  half-cycle  of  the  test  wave  must  have  a 
sufficient  duration. 

Outdoor  - In  the  outdoor  and  service  entrance  environment,  as  well  as 
in  locations  close  to  the  service  entrance,  substantial  energy,  or 
current,  is  still  available.  For  these  locations,  the  unidirectional 
impulses  long  established  for  secondary  arresters  are  more  appropriate 
than  the  oscillatory  wave. 

Accordingly,  the  recommended  waveshape  is  1.2  x 50  ps  for 
open-circuit  voltages  and  8 x 20  ps  for  short-circuit  current  (impulse 
discharge  current)  or  current  in  a low-impedance  device.  The  numbers 
used  to  describe  the  impulse,  1.2  x 50  and  8 x 20,  are  as  defined  in 
IEEE  Standard  28  - ANSI  Standard  C62.I;  Fig.  3 presents  the  wave- 
shape and  a graphic  description  of  the  numbers. 
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Fig.  3.  Waveshapes  for  outdoor  locations. 
ENERGY  AND  SOURCE  IMPEDANCE 


General 


The  energy  involved  in  the  interaction  of  a power  system  with  a 
surge  source  and  a surge  suppressor  will  divide  between  the  source  and 
the  suppressor  in  accordance  with  the  characteristics  of  the  two 
impedances.  In  a gap-type  suppressor,  the  low  impedance  of  the  arc 
after  sparkover  forces  most  of  the  energy  to  be  dissipated  elsewhere: 
for  instance,  in  a resistor  added  in  series  with  the  gap  for  limiting  the 
power-follow  current.  In  an  energy-absorber  suppressor,  by  its  very 
nature,  a substantial  share  of  the  surge  energy  is  dissipated  in  the 
suppressor,  but  its  clamping  action  does  not  involve  the  power-follow 
energy  resulting  from  the  short-circuit  action  of  a gap.  It  is  therefore 
essential  to  the  effective  use  of  suppression  devices  that  a realistic 
assumption  be  made  about  the  source  impedance  of  the  surge  whose 
effects  are  to  be  duplicated. 

The  voltage  wave  shown  in  Fig.  2 is  intended  to  represent  the 
waveshape  a surge  source  would  produce  across  an  open  circuit.  The 
waveshape  will  be  different  when  the  source  is  connected  to  a load 
having  a lower  impedance,  and  the  degree  to  which  it  is  lower  is  a 
function  of  the  impedance  of  the  source. 

To  prevent  misunderstanding,  a distinction  between  source  im- 
pedance and  surge  impedance  needs  to  be  made.  Surge  impedance, 
aloo  col  led  charac  ter  iotic  impcdunc  e,  a (.uiiLcpi  relaxing  ine  param- 
eters  of  a long  line  to  the  propagation  of  traveling  waves.  For  the 
wiring  practices  of  the  ac  power  circuits  discussed  here,  this 
characteristic  impedance  would  be  in  the  range  of  150  to  300  ft,  but 
because  the  durations  of  the  waves  being  discussed  (50  to  20  ps)  are 
much  longer  than  the  travel  times  in  the  wiring  systems  being 
considered,  traveling  wave  analyses  are  not  useful  here. 

Source  impedance,  defined  as  "the  impedance  presented  by  a 
source  of  energy  to  the  input  terminals  of  a device,  or  network"  (IEEE 
Standard  100),  is  a more  useful  concept  here.  In  the  conventional 


Thevenin's  description,  the  open-circuit  voltage  (at  the  terminals  of 
the  network  or  test  generator)  and  the  source  impedance  (of  the  surge 
source  or  test  generator)  are  sufficient  to  calculate  the  short-circuit 
current,  as  well  as  any  current  for  a specified  suppressor  impedance. 

The  measurements  from  which  Fig.  1 was  derived  were  of 
voltage  only.  Little  was  known  about  the  impedance  of  the  circuits 
upon  which  the  measurements  were  made.  Since  then,  measurements 
have  been  reported  on  the  impedance  of  power  systems.  Bull  [ 6 ] 
reports  that  the  impedance  of  a power  system,  seen  from  the  outlets, 
exhibits  the  characteristics  of  a 50 ft  resistor  with  50  pH  in  parallel. 
Attempts  were  made  to  combine  the  observed  6 kV  open-circuit 
voltage  with  the  assumption  of  a 50ft/50  pH  impedance  [7],  This 
combination  resulted  in  low  energy  deposition  capability,  which  was 
contradicted  by  field  experience  of  suppressor  performance.  The 
problem  led  to  the  proposed  definition  of  oscillatory  waves  as  well  as 
high-energy  unidirectional  waves,  in  order  to  provide  both  the  effects 
of  an  oscillatory  wave  and  the  high-energy  deposition  capability. 

The  degree  to  which  source  impedance  is  important  depends 
largely  on  the  type  of  surge  suppressors  that  are  used.  The  surge 
suppressors  must  be  able  to  withstand  the  current  passed  through  them 
by  the  surge  source.  A test  generator  of  too  high  an  impedance  may 
not  subject  the  device  under  test  to  sufficient  stresses,  while  a 
generator  of  too  low  an  impedance  may  subject  protective  devices  to 
unrealistically  severe  stresses.  A test  voltage  wave  specified  without 
reference  to  source  impedance  could  imply  zero  source  impedance  - 
one  capable  of  producing  that  voltage  across  any  impedance,  even  a 
short  circuit.  That  would  imply  an  infinite  surge  current,  clearly  an 
unrealistic  situation. 

Because  of  the  wide  range  of  possible  source  impedances  and 
the  difficulty  of  selecting  a specific  value,  three  broad  categories  of 
building  locations  are  proposed  to  represent  the  vast  majority  of 
locations,  from  those  near  the  service  entrance  to  those  remote  from 
it.  The  source  impedance  of  the  surge  increases  from  the  outside  to 
locations  well  within  the  building.  Open-circuit  voltages,  on  the  other 
hand,  show  little  variation  within  a building  because  the  wiring 
provides  little  attenuation.  Figure  4 illustrates  the  application  of  the 
three  categories  to  the  wiring  of  a building. 


A.  Outstde  and  Service  Entrance 

Service  drop  from  pole  to  building 

Run  between  meter  and  distribu- 
tion panel 

Overhead  line  to  detached  buildings 
Underground  lines  to  well  pumps 


B.  Ma)or  Feeders  and  Short  Branch  Circuits 
Distribution  panel  devices 
bus  and  feeder  systems  in  industrial 
plants 

Heavy  appliance  outlets  with  "short” 
connections  to  the  service  entrance 
Lighting  systems  in  commercial  buildings 


C.  Outlets  and  Long  Branch  Circuits 

All  outlets  at  more  than  10  m (30  ft)  from 
Category  B with  wires  //!<*- 10 
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Subcommittee  2SA  of  the  International  Electrotechnical  Com- 
mission has  prepared  a Report  [8  ],  in  which  installation  categories  are 
defined.  These  installation  categories  divide  the  power  systems 
according  to  the  location  in  the  building,  in  a manner  similar  to  the 
location  categories  defined  in  the  Guideline.  However,  there  are  some 
significant  differences  between  the  two  concepts.  First,  the  IEC 
categories  are  defined  for  a "controlled  voltage  situation,"  a phrase 
that  implies  the  presence  of  some  surge  suppression  device  or  surge 
attenuation  mechanism  to  reduce  the  voltage  levels  from  one  category 
to  the  next.  Second,  the  IEC  report  is  more  concerned  with  insulation 
coordination  than  with  the  application  of  surge  protective  devices; 
therefore  it  does  not  address  the  question  of  the  coordination  of  the 
protectors  but,  rather,  the  coordination  of  insulation  levels  — that  is, 
voltages. 

Surges  propagate  with  very  little  attenuation  in  a power  system 
with  no  substantial  connected  loads.  Measurements  made  in  an  actual 
residential  system  as  well  as  in  a laboratory  simulation  have  shown 
that  the  most  significant  limitation  is  produced  by  wiring  flashover, 
not  by  attenuation  along  the  wires.  Ironically,  a carefully  insulated 
installation  is  likely  to  experience  higher  surge  voltages  than  an 
installation  where  wiring  flashover  occurs  at  low  levels.  Therefore, 
the  open-circuit  voltage  specified  at  the  origin  of  a power  system  must 
be  assumed  to  propagate  unattenuated  far  into  the  system,  which  is 
the  reason  for  maintaining  the  6 kV  surge  specification  when  going 
from  one  category  to  an  adjacent  category  farther  into  the  building. 

Furthermore,  source  impedances  are  not  defined  in  the  IEC 
report.  The  Guideline  attempts  to  fill  this  need  by  specifying  several 
levels  of  source  impedance,  or  of  short-circuit  current,  for  the  various 
categories. 

PROPOSED  REPRESENTATION  OF  THE  ENVIRONMENT 

On  the  basis  of  the  preceding  discussions,  the  Guideline 
proposes  to  reduce  the  infinite  variety  of  actual  conditions  to  three 
categories,  from  the  outside  service  drops  to  the  long  branch  circuits 
and  outlets. 

For  each  category  the  most  appropriate  waveshape  is  indicated, 
an  open-circuit  voltage  for  high-impedance  loads,  or  a short-circuit 
current  for  low-impedance  loads.  The  tabulation  that  follows  shows 
open-circuit  voltages  and  short-circuit  currents  for  each  of  the  three 
categories.  The  energy  deposited  in  a 500  V suppressor  has  been 
computed  and  is  shown  for  each  of  the  categories. 

The  values  shown  in  the  table  represent  the  maximum  range, 
corresponding  to  the  "High  Exposure"  situation  of  Fig.  1.  For  less 
exposed  systems,  or  when  the  prospect  of  a failure  is  not  highly 
objectionable,  one  could  specify  lower  values  of  open-circuit  voltages 
with  corresponding  reductions  in  the  currents.  IEC  Category  I,  not 
represented  in  the  Guideline,  would  correspond  to  line  cord-connected 
devices  in  this  context. 

CONCLUSIONS 

The  broad  range  of  surge  voltages  occurring  in  low-voltage  ac 
power  circuits  can  be  simulated  by  a limited  set  of  test  waves,  for  the 
purpose  of  evaluating  their  effects  on  equipment. 

Field  measurements,  laboratory  experiments,  and  calculations 
indicate  that  two  basic  waves,  at  various  open-circuit  voltages  and 
short-circuit  current  values,  can  represent  the  majority  of  surges 
occurring  in  residential,  commercial,  and  light  industrial  power 
systems  rated  up  to  600  V rms. 


Exceptions  will  be  found  to  the  simplification  of  a broad  guide- 
line; however,  these  should  not  detract  from  the  benefits  that  can  be 
expected  from  a reasonably  valid  uniformity  in  defining  the  environ- 
ment. Other  test  waves  of  different  shapes  may  be  appropriate  for 
other  purposes,  and  the  present  guideline  should  not  be  imposed  where 
it  is  not  applicable. 

The  Working  Group  is  approaching  the  final  phases  of  prepara- 
tion of  the  Guideline  document;  comments  are  solicited  from  the 
engineering  and  user  communities.  However,  readers  must  recognize 
the  unavoidably  arbitrary  character  of  any  standard  and  be  prepared  to 
accept  an  imperfect  approach,  which  can  simplify  matters  and  clarify 
the  issues  as  well  as  provide  uniform  evaluations  of  performances, 
rather  than  demand  a perfect  but  unattainable  match  between  the 
actual  situation  and  the  standard. 

ACKNOWLEDGMENTS 

The  concepts  presented  in  this  paper  have  greatly  benefited 
from  the  informed  questions  and  discussions  by  members  of  the 
Working  Group  on  Surge  Voltage  in  AC  Power  Circuits  Rated  600  V or 
Less,  and  from  interested  reviewers;  particular  appreciation  for 
effective  critiques  from  Catharine  Fisher  and  Peter  Richman  is 
acknowledged.  The  data  base  presented  in  Appendix  I has  been 
broadened  by  the  contributions  of  the  Bell  Telephone  Laboratories  and 
Landis  & Gyr,  Inc. 


REFERENCES 

1.  "Switching  Surges  Due  to  De-Energization  of  Capacitive 
Circuits,"  AIEE  Committee  Report,  AIEE  Transactions,  August  1 
1957,  pp.  562-564. 

2.  Cianos,  N.  and  E.T.  Pierce,  A Ground- Lightning  Environment 
for  Engineering  Usage.  Stanford  Research  Institute,  Menlo  Park, 
CA  94205,  August  1972. 

3.  Surge  Arresters  for  Alternating-Current  Power  Circuits.  IEEE 
Standard  28-1974;  ANSI  Standard  C62.1-1975;  IEC  Stan- 
dard 99-2. 

4.  Lenz,  3.E.,  "Basic  Impulse  Insulation  Levels  of  Mercury  Lamp 
Ballast  for  Outdoor  Applications,"  Illuminating  Engrg.,  February 

1964,  pp.  133-140. 

5.  Martzloff,  F.D.  and  G.3.  Hahn,  "Surge  Voltage  in  Residential 
and  Industrial  Power  Circuits,"  IEEE  PAS-89,  6,  July/August  1970, 
1049-1056. 

6.  Bull,  3.H.,  "Impedance  on  the  Supply  Mains  at  Radio  Frequen- 
cies," Proceedings  of  1st  Symposium  on  EMC.  75CH1012-4  Mont., 

Montreux,  May  1975. 

7.  Martzloff,  F.D.  and  F.A.  Fisher,  "Transient  Control  Level 
Philosophy  and  Implementation;  The  Reasoning  Behind  the 
Philosophy,"  Proceedings  2nd  Symposium  on  EMC.  77CH1 224- 
5EMC,  Montreux,  June  1977. 

8.  Insulation  Coordination  Within  Low-Voltage  Systems  Including 
Clearances  and  Creepage  Distances  for  Equipment,  Internation- 
al Electrotechnical  Commission  Report  SC28A  (Central 
Office)  5,  to  be  published  in  1979. 


Recommended  Surge  Voltages  and  Currents  Deemed  to  Represent  the  Environment 


Location 

Category 

Comparable  to 
IEC  SC28A 
Category 

Impulse 

Waveform 

Maximum* 

Amplitude 

Type 

of  Specimen 
or  Load 

Circuit 

Energy 
Deposited  in 
a 500  V Suppressor 
(joules) 

A. 

Outdoor  and 
Service  Entrance 

IV 

1 . 2 x 50  p s 

8 x 20  Us 

10  kV  o.c. 

10  kA  s.c. 

High  Impedance 

Low  Impedance 

150 

1.2  x 50  us 

6 kV  o.c. 

High  Impedance 

— 

B. 

Major  Feeders 
and  Short 

Rranch  Circuitc 

III 

8 x 20  u s 

o.a  us  - loo  khz  . 

3 kA  s.c. 

' 6 kV  nr. 

.500  A s.c. 

Low  Impedance 

High  Impodanco 

Low  Impedance 

40 

2 

C. 

Long 

Branch  Circuits 
and  Outlets 

II 

0.5  u s - 100  kHz 

' 6 kV  o.c. 

•200  A s.c. 

High  Impedance 

Low  Impedance 

0.8 

*o.c 

: open-circuit  voltage  s.c.: 

short-circuit  current 

4 
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APPENDIX  1 - DATA  BASE 

Recordings  and  surge  counter  data  have  been  contributed  from 
several  sources,  in  addition  to  the  surge  counter  data  obtained  by 
members  of  the  Working  Group.  Representative  oscillograms  and 
summary  statistics  are  reproduced  in  this  appendix,  in  support  of  the 
voltage  levels  and  oscillatory  wave  proposals. 

1.  Recordings  by  Bell  Telephone  Laboratories 

(Data  contributed  by  P.  Speranza,  internal  report,  unpublished 
to  date) 

1.1  Typical  Surge  Counter  Statistics 


2.  Recordings  by  General  Electric  Company 

2.1  Surge  Counter  Statistics  - Martzloff,  F.D.  and  G.J.  Hahn,  "Surge 
Voltage  in  Residential  and  Industrial  Power  Circuits,  IEEE  Pas-89, 
6,  July/August  1970,  1049-1056. 

a)  Three  percent  of  all  U.S.  residences  experience  frequent 
occurrences  (one  per  week  or  more)  above  I 200  V. 

b)  There  is  a 100:1  reduction  in  the  rate  of  device  failure  when 
the  withstand  level  is  raised  from  2 kV  to  6 kV. 

Number  of  Houses  with  Repetitive 
Surge  Activity  Above  1200  Volts 


120  V line  at  BTL  facility  in  Chester,  New  Jersey,  during 
42  months  of  monitoring: 

1 46  counts  at  300  to  500  V 
14  counts  at  500  to  1000  V 
3 counts  at  1 00  to  1 500  V 
3 counts  above  1 500  V 

1.2  Typical  Automatic  Recording  Oscilloscopes 
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120  V OUTLET.  LABORATORY  BENCH 
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277/480  V SERVICE  ENTRANCE 


0 200  400  600  800  1000  1200  /js 


277/480  V SERVICE  ENTRANCE 


Location 

Number 

of 

Homes 

Surveyed 

Recording 
Period 
( weeks ) 

Houses 

wii  h 

Kepctitive 

Surges 

Providence,  H I 

4 

2-6 

none 

Cleveland,  Ohio 

2R 

2-4 

none 

Auburn,  N.  V. 

12 

2-3 

none 

Lynchburg,  Va. 

3 

2-3 

none 

Syracuse,  N Y 

X 

1-2 

1 

Chicago,  111 

23 

1-6 

iiuiie 

Ashland,  Mass 

24 

1-2 

1 

Holland,  Mich 

6 

2-111 

none 

l/Oiiisvilie,  Ky. 

10 

2-6 

none 

Somersworth,  N II 

f»0 

1 2 

1 

Plainville,  Conn. 

1(1 

none 

A.sheboro,  \ C. 

24 

1 2 

■ .line 

Fort  Wayne,  Ind. 
DeKalb.  III. 

3 X 

1-4 

3 

14 

3-12 

Surge  Counter  Recordings  Above  1 200  Volts 
(Spring,  Summer,  and  Fall) 


Number 

of 

Toial 

Homes 

N iiiiiIht 

of 

IxxAtion 

Homes 

X Weeks 

Surges 

Providence,  H I 

6 

61) 

1 

Ashboro,  N C. 

13 

Xb 

none 

DeKalb.  Ill 

1 1 

GO 

2 

Somersworih,  N.  II. 

3 

4X 

1 

Chicago,  III. 

Cleveland,  Ohio 

12 

:»x 

none 

X 

106 

1 

Decatur,  111. 

12 

72 

2 

Holland,  Mich. 

7 

'.6 

none 

Auburn,  N.  Y. 

3 

70 

none 

Springfield,  Pa. 

1 

24 

mine 

Ashland,  Mas* 

0 

72 

none 

Pittsfield,  Mass. 

3 

64) 

1 

Plainville,  Conn. 

3 

60 

none 

Lynchburg,  Va. 

3 

i:> 

none 

Total 

‘11 

X46 

X in 

X homes 

0 5 10  70  30  40  50  75  100  M4 
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SERVICE  ENTRANCE.  LIGHTNING  STORM 


3.  Statistics  by  Landis  & Gyr,  Inc. 

Surge  counter  data  on  various  locations  in  Swiss  220  V systems 
(Data  contributed  by  L.  Regez  - unpublished  to  date) 


2.3  Simulated  Lightning  Strokes  on  a Residential  Power  Circuit  (Lab- 
oratory Model  of  System)  - Martzloff,  F.D.  and  K.E.  Crouch, 
"Coordination  De  La  Protection  Contre  Less  Surtensions  Dans  Les 
Reseaux  Basse  Tension  Residentiels,"  Proceedings.  1978  IEEE 
Canadian  Conference  on  Communications  and  Power.  78CH1373-0. 
pp.  451  —t# 54. 


• Service  entrance,  16-family  house,  under- 

ground system 

' Same  house,  outlet  third  floor  living  room 
- Same  house,  outlet  fifth  floor  living  room 
" Service  entrance  of  bank  building  in  Basel 

+ Landis  and  Cyr  Plant,  Zug,  outlet  in  lab. 

j Landis  and  Gyr,  Zug,  outlet  in  furnace  room 

Farmhouse  supplied  by  overhead  lines 


1.5  kA  current  impulse  (8  x 20  ps 
approx.)  is  injected  in  ground  wire 
only  of  service  drop.  (Higher  cur- 
ents  produce  flashover  of  wiring.) 

500  A/div 
5 ys/div 


Recording  of  open-circuit  voltage 
at  a branch  circuit  outlet: 

2200  V peak  500  kHz  oscillations 


500  V/div 
2 ys/div 


By  connecting  a 1 30  ft  load  at  the 
same  outlet  (1  A load)  the  voltage 
is  reduced  to  1400  V peak,  with 
more  damping. 


500  V/div 
2 ys/div 


Conclusions  from  this  test  series 


1.  A current  of  1.5  kA  (moderate  for  a lightning  discharge 
injected  in  the  ground  system)  raises  the  wiring  system 
of  the  house  2.2  kV  above  ground.  Four  kiloamperes  (still 
a moderate  value)  will  bring  this  voltage  to  6 kV,  the 
typical  flashover  value  of  the  wiring. 

3-  A natural  frequency  of  500  l<He  excited  by  a ur»idirec- 

tional  impulse. 

3.  In  this  example,  the  source  of  the  transient  (from  the 
loading  effect  of  1 30  U ) appears  as 


Z = 1 30  ft 


[2200 

11400 


= 75  fi 


Frequency  of  Voltage  Transients  per  Year  as  a Function  of  the  Peak 
Value  of  the  Voltage  Transient  for  a 220  V,  50  Hz  Distribution  System 
with  Grounded  Neutral 

4.  Working  Group  Surge  Counter  Statistics 

Surge  counters  with  four  threshold  levels  (350,  500,  1000,  and 
1500  V)  were  made  available  to  the  Working  Group  by  3oslyn 
Electronic  Systems,  for  recording  surge  occurrences  at  various 
locations.  Members  of  the  Working  Group  installed  these  on  120  and 
240  V systems  of  various  types,  including  the  following:  outlets  in 
urban,  suburban,  and  rural  residences;  outlets  in  a hospital;  secondary 
circuits  on  distribution  system  poles  (recloser  controls);  secondary  of 
pad-mounted  distribution  transformers;  lighting  circuits  in  an  indus- 
trial plant;  life  test  racks  at  an  appliance  manufacturer;  bench  power 
supply  in  a laboratory. 

Limitations  on  the  availability  of  personnel  and  communications 
made  this  sampling  less  than  optimum  from  a statistical  point  of  view. 
However,  by  computing  weighted  averages  for  each  location,  one  can 
quote  an  acceptable  overall  average;  this  average  has  been  included  in 
the  graph  drawn  to  establish  the  low  and  high  exposure  limits. 

Summary  Statistics  of  these  measurements  are  as  follows: 

1.  Data  base  from  18  locations  with  a total  recording  time  of 
12  years  spread  over  4 calendar  years,  using  6 counters. 

2.  Number  of  occurrences  per  year  (weighted  averages)  at 
"average  location." 

• 350  V:  22 

• 500  V:  1 1 

• 1000  V:  7 

• 1500  V:  3 

3.  Significant  extremes 

» One  home  with  large  number  of  surges  caused  by 
washer  operation 

» Four  locations  out  of  18  never  experienced  a suree. 

• One  home  experienced  several  occurrences  above 
1500  V,  with  none  below  that  value. 

• One  industrial  location  (switching  of  a test  rack) 
produced  thousands  of  surges  in  the  350-500  V range, 
and  several  surges  in  excess  of  1500  V.  This  location 
was  left  out  of  the  average  computation,  but  it 
exemplifies  a significant  extreme. 
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From  the  data  base  cited  in  the  preceding  pages,  one  can  draw 
the  chart  below,  including  the  following  information  on  voltage  vs 
frequency  (rate)  of  occurrence: 

1.  The  Bell  Laboratories  data  yield  a point  of  1000  V at 
about  2 occurrences  per  year  ( ® ). 

2.  The  General  Electric  counter  statistics  yield  a point  of 
1200  V at  about  1 occurrence  per  year  ( x ). 

3.  The  General  Electric  clock  data  indicate  a slope  of  100:1 

from  2 kV  to  6 kV  ( ). 

4.  The  Regez  data  provide  a band  for  the  majority  of 
locations  (shown  cross-hatched),  with  the  exception  of 
the  rural  location  with  long  overhead  line,  which  has 
more  occurrences. 

5.  Working  Group  statistics  (•-•—)  indicate  a less  steep 
slope,  perhaps  because  of  the  influence  of  outdoor 
locations  included  in  the  sample  (similar  to  the  rural  data 
of  Regez). 

The  proposed  curve,  which  is  the  center  of  the  4 10  range  of 
Fig.  1 in  the  Guideline,  is  shown  in  bold  dashed  lines  It  has 

been  drawn  at  the  100:1  slope,  passing  near  the  Bell  and  General 
Electric  points  and  located  within  the  band  of  the  Regez  data. 


APPENDIX  II  - EFFECT  OF  TRANSIENT  POLARITY  REVERSALS 
ON  SEMICONDUCTORS 

Breakdown  of  semiconductors  under  various  conditions  of  load 
and  transient  overvoltage  applications  has  been  investigated.*  t Evi- 
dence is  presented  in  the  two  investigations  cited  that  a reverse 
voltage  applied  during  the  conduction  period  of  the  power  frequency 
produces  lower  breakdown  voltage  than  the  application  of  the  same 
transient  with  no  load  or  during  blocking.  Examples  are  given  below, 
taken  from  these  two  investigations,  showing  statistically  significant 
differences  in  the  voltage  levels. 


Average 
Breakdown  (V) 


IN  11 90  Diode* 

Transient  at  no  load 

1973 

Fast  wave  under  load 

830 

Slow  wave  under  load 

1097 

IN2160  Diode* 

Transient  at  no  load 

2056 

Fast  wave  under  load 

894 

Slow  wave  under  load 

1106 

1N679  Diode  t 

Transient  applied  at: 

- peak  of  reverse  voltage 

1766 

- 25°  after  start  of  conduction 

1181 

- 90°  after  start  of  conduction 

906 

- 1 55°  after  start  of  conduction 

1115 

This  effect  is  one  of  the  reasons  for  selecting  an  oscillatory 
waveform  to  represent  the  environment:  it  will  be  more  likely  to 
induce  semiconductor  failures  than  a unidirectional  wave.  Also,  it 
shows  the  significance  of  the  timing  of  the  transient  application  with 
respect  to  the  power  frequency  cycle. 


*Chowduri,  P.,  "Transient-Voltage  Characteristics  of  Silicon  Power 
Rectifiers."  IEEE  IA-9.  5,  September/October  1973,  p.  582. 

+ F.D.  Martzloff,  internal  report,  unpublished. 
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Significance: 

This  paper  is  listed  under  four  categories  of  the  Annotated  Bibliography  as  it  bears  on  the  corresponding  topics. 
The  multiple  listing  reflects  the  sections  in  which  this  paper  is  cited  as  supporting  material  for  IEEE  Std  C62.41.1 
and  C62.41 .2.  Therefore,  it  can  be  found  in  the  following  four  parts  of  the  Anthology: 

Part  2 Development  of  standard  - Reality  checks 

Provides  an  example  of  the  need  to  recognize  capacitor  switching  transients  when  characterizing  the  surge 
environment 

Part  3 Recorded  occurrences,  surveys  and  staged  tests 

Provides  an  example  of  monitoring  and  staged  tests  motivated  by  field  failure,  leading  to  a better  understanding  of 
the  environment  in  which  SPDs  were  expected  to  perform. 

Part  4 Propagation  and  coupling  of  surges 

Provides  an  example  of  how  far  (3000  meters)  the  low-frequency  transients  generated  by  capacitor  switching  can 
propagate,  unabated,  in  a path  involving  two  step-down  transformers. 

Part  7 Mitigation  techniques 

Provides  an  example  of  improved  mitigation  design  based  on  field  experience 
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Abstract  — An  unusual  case  of  difficult  application  of  surge 
protective  devices  was  solved  by  field  measurements  with  retrofit 
of  protective  devices  suitable  for  the  particular  environment  On- 
site measurements  indicated  that  capacitor  switching  transients 
were  causing  excessive  current  surges  in  the  varistors  and  fuses 
protecting  the  input  to  a thyristor  motor  drive.  Knowledge  of  the 
environment  gained  by  the  measurements  allowed  understanding 
of  the  problem  and  specification  of  matching  surge  protective 
devices. 


SUMMARY 

During  the  initial  startup  of  a solid-state  motor  drive  in  a 
chemical  processing  plant,  difficulties  arose  with  the  varistor  and 
its  protective  fuse  at  the  input  of  the  thyristor  circuits.  Frequent 
blowing  of  the  fuse  was  observed,  with  occasional  failure  of  the 
varistor.  On-site  measurements  of  the  voltages  and  currents  at  the 
input  to  the  drive  indicated  that  switching  transients  associated 
with  the  operation  of  a remote  substation  capacitor  bank  and  the 
relatively  low  clamping  level  of  the  varistor  were  producing  current 
above  the  fuse  and  varistor  ratings;  hence  the  short  lives  of  these 
two  components.  When  the  actual  conditions  at  that  site  were 
determined  by  measurements,  it  became  possible  to  specify  surge 
protective  devices  capable  of  withstanding  that  environment.  Im- 
mediate relief  was  secured  by  the  installation  of  a larger  varistor  at 
the  same  point  of  the  circuit;  long-term  protection  was  obtained  by 
the  addition  of  a gapless  metal-oxide  varistor  arrester  on  the  pri- 
mary side  of  the  step-down  transformer  feeding  the  drive.  The 
situation  has  been  changed  from  failures  occurring  every  few  days 
to  no  further  problems  in  the  3 years  since  the  larger  varistor  was 
installed. 


INTRODUCTION 

This  paper  presents  a case  history  illustrating  how  surge  protec- 
tive devices  that  are  successfully  applied  for  the  majority  of  cases 
can  occasionally  suffer  failure  when  exposed  to  exceptionally 
severe  surge  environments.  This  paper  also  shows  how  little 
attenuation  occurs,  at  the  frequencies  produced  by  switching 
surges,  between  the  distribution  level  (23  kV)  and  the  utilization 
level  (460  V),  even  though  a long  line  and  two  step-down 
transformers  exist  between  the  source  of  the  transient  and  the 
point  of  measurement. 
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The  problem  involved  a 460  V power  supply  to  a thyristor 
drive  circuit  in  a chemical  processing  plant  extending  over  several 
square  miles.  During  the  initial  startup,  difficulties  arose  with  the 
varistor  and  its  protective  fuse  at  the  input  of  the  thyristor  circuits. 
Frequent  blowing  of  the  fuse  was  observed,  with  occasional  failure 
of  the  varistor.  The  plant  substation,  fed  at  23  kV  from  the  local 
utility,  included  a large  capacitor  bank  with  one-third  of  the  bank 
switched  on  and  off  to  provide  power  factor  and  system  voltage 
regulation.  These  frequent  switching  operations  were  suspected  of 
generating  high-energy  transients  that  might  be  the  cause  of  the 
failure  of  the  fuses  and  varistors,  because  literally  thousands  of 
similar  drive  systems  have  been  installed  in  other  locations 
without  this  difficulty.  On-site  measurements  performed  after 
repeated  blowing  of  fuses  and  occasional  failure  of  varistors  con- 
nected at  the  input  to  the  thyristor  drive  indicated  that  indeed  the 
devices  were  not  matched  to  their  environment.  From  this  point 
on,  specifying  larger  sizes,  sizes  appropriate  to  the  environment 
CU,  solved  the  problem. 

POWER  SYSTEM  AND  SWITCHING  TRANSIENTS 

Figure  1 is  a simplified  one-line  diagram  of  the  significant 
elements  of  the  power  system  causing  the  varistor  failures.  The 
incoming  115  kV  power  is  stepped  down  to  23  kV.  Three  banks 
of  5400  kVAR  capacitors  are  connected  to  the  23  kV  bus.  Typical 
operating  conditions  involve  two  banks  connected  at  all  times, 
with  the  third  bank  switched  on  or  off  automatically  to  provide 
voltage  regulation.  Power  distribution  throughout  the  site  is  done 
at  the  23  kV  level. 

The  various  drive  systems  which  experienced  the  difficulty  are 
supplied  at  460  V by  a 2300/460  V transformer  in  their  control 
house.  A substation  close  to  the  control  house  supplies  the 
2300  V power  from  the  23  kV  distribution  system. 
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Figure  1.  Simplified  one-line  diaaram 
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Figure  2 is  a simplified  three-phase  schematic  of  the  power 
input.  In  the  original  circuit,  the  thyristor  modules  were  protected 
by  varistors  at  the  power  input  of  the  S250  hp  drive,  where  the 
measurements  were  made.  A 6 ^.H  line  inductance,  Ll,  was 
inserted  between  the  bus  and  the  thyristor  modules;  20  mm 
varistors  rated  510  V were  connected  in  a delta  configuration,  in 
series  with  a current-limiting  fuse  in  each  line.  The  varistor  con- 
nection was  about  80  cm  long,  introducing  an  estimated  1 
inductance  into  each  lead. 


Figure  2.  Simplified  three-phase  schematic 


Instrumentation  and  Measurements 

Oscilloscopes  were  used  to  measure  voltage  across  one  varistor 
and  its  connection  and  currents  through  all  varistors.  Voltage 
measurements  were  made  phase-to-phase  on  the  floating  delta 
460  V bus  bars  with  Tektronix  P6015  1000:1  probes,  connected  to 
a Tektronix  7633  storage  oscilloscope  in  differential  mode.  Cur- 
rent measurements  were  made  with  a Tektronix  CT5  20:1  current 
transformer  coupled  with  a P6021  current  probe  and  connected  to 
a second  Tektronix  7633  storage  oscilloscope. 


Results 

The  oscillograms  of  Figure  4 show  typical  voltage  recordings 
made  during  this  sequence.  The  voltages  are  not  open-circuit  tran- 
sient voltages.  They  are  instances  of  the  voltage  appearing  at  the 
bus  entrance  point.  This  voltage  is  the  sum  of  the  varistor  clamp- 
ing voltage,  the  voltage  drop  in  the  varistor  connections,  and  the 
voltage  across  two  Ll  inductances. 

A typical  total  event  recorded  on  one  of  the  phases  during  a 
capacitor  bank  closing  is  shown  in  Figure  4A.  A low-frequency 
oscillation  with  a period  of  3 ms  (330  Hz)  and  initial  peak-to-peak 
amplitude  of  450  V decayed  in  about  10  ms.  The  high-frequency 
oscillations  are  resolved  in  the  recording  of  Figure  4B  (recorded 
during  a similar  switching  sequence).  This  high  frequency  has  an 
initial  peak-to-peak  amplitude  of  2000  V,  decaying  in  about  5 ms. 
The  period  is  180  fis  (5.5  kHz).  A similar,  third  event  is  shown  in 
Figure  4C.  For  scaling  the  amplitudes,  the  steady-state  voltage  is 
shown  in  Figure  4D. 


C Sweeji:  S mt/dhr  O Sweep:  2 mi/dl* 
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The  trigger  modes  used  during  a two-hour  monitoring  period 
included  positive  or  negative  slopes  for  both  slow  ac  and  high- 
frequency  modes.  For  the  various  modes,  the  level  was  adjusted 
to  produce  a trigger  for  a voltage  exceeding  the  normal  line  volt- 
age crest  by  about  20%,  or  a varistor  current  in  excess  of  2 A.  No 
trigger  occurred  during  the  monitoring  period.  A low-frequency 
voltage  recorder  installed  by  plant  personnel  produced  a recording 
characterized  as  representative  of  an  unusually  quiet  day  in  the 
power  system  operations. 

Manual  off-on  switching  of  the  5400  kVAR  capacitor  bank  at 
the  23  kV  utility  substation  was  the  next  step  in  the  measurement 
procedures  because  the  switching  of  a capacitor  bank  is  always  a 
prime  suspect  for  producing  transients.  Measurements  were  per- 
formed with  one  oscilloscope  monitoring  the  line  voltage  upstream 
of  the  line  inductors  (Figure  2)  and  another  oscilloscope  monitor- 
ing the  sum  of  the  currents  in  the  three  varistors  (Figure  3). 


TO  CRO 


Figure  3.  CT  connection  for  recording 
all  three  varistor  currents 


Figure  4.  Capacitor  switching  transients 
and  steady-state  voltage 


Observe  that,  depending  on  the  time  of  closing  with  respect  to 
the  60  Hz  voltage,  the  5.5  kHz  oscillation  varies  in  amplitude; 
furthermore,  the  modulation  by  the  330  Hz  oscillation  pushes 
crests  of  the  5.5  kHz  oscillation  above  the  1000  V level  some  time 
after  the  beginning  of  the  trace,  at  a time  when  the  5.5  kHz  ampli- 
tude is  already  lower,  producing  a burst  of  pulses  above  the 
1000  V level. 

The  significance  of  this  finding  will  be  discussed  next,  with 
reference  to  Figure  5,  which  shows  recordings  of  transient  cur- 
rents in  all  of  the  three  varistors.  The  510  V varistor  has  a nomi- 
nal voltage  at  1 mA  [2j  in  the  range  of  735  V to  970  V.  For  a 
varistor  with  a nominal  voltage  in  the  middle  of  this  range,  a cur- 
rent in  the  order  of  tens  to  hundreds  of  amperes  will  flow  if  a 
voltage  of  1000  V is  applied  to  the  varistor.  Figure  5A  shows  a 
train  of  current  pulses  in  the  range  of  10  to  40  A.  In  the  burst  of 
Figure  5B,  the  recorded  current  pulses  range  from  5 A to  200  A. 
The  current  and  voltage  traces  are  not  simultaneous  events 
because  each  of  the  two  oscilloscopes  was  triggered  by  its  internal 
circuit.  The  nearly  symmetrical  appearance  of  this  burst  can  be 
compared  to  the  symmetry  of  the  voltage  peaks  exceeding  the 
1000  V level  in  Figure  4,  the  one  correlating  with  the  other. 

The  oscillograms  of  Figures  4 and  5 were  selected  as  most 
severe  from  a series  of  20  capacitor  switching  sequences.  Some 
sequences  could  not  even  produce  a current  or  voltage  trigger; 
four  sequences  produced  bursts  with  the  central  peak  exceeding 
120  A,  two  of  these  reaching  200  A peaks. 
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A Sweep:  O.Z  ms/dir 
Vertical:  20  A/dlr 


B Sweep:  0.5  ms/dlv 
Vertical:  40  A/div 


Figure  5 . Current  surge  bursts  during  capacitor  switching 


These  recordings  establish  the  nature  of  the  current  surges  that 
are  conducted  by  the  varistors,  with  an  estimate  of  10%  reaching 
200  A maximum  crests  and  another  !0%  reaching  120  A crests, 
for  all  capacitor  bank  switching. 

In  Figures  4 and  5,  we  note  that  the  characteristic  appearance 
of  the  voltage  and  current  usually  observed  during  a switch 
restrike  is  absent  13],  indicating  a clean  switching  action  of  the 
vacuum  interrupters  used  for  switching  the  capacitor  bank.  Res- 
trikes are  most  likely  to  occur  during  de-energizing.  In  all  the  off- 
on  switching  sequences  of  this  test  series,  no  significant  transient 
was  observed  during  de-energizing;  all  occurred  during  energizing. 

The  oscillograms  of  Figures  4 and  5 establish  and  explain  the 
pattern  of  current  pulses.  The  voltages  of  Figure  4 are  not  the 
open-circuit  voltages  impinging  the  drive  input  but,  rather,  the 
voltages  resulting  from  the  clamping  action  of  the  varistors.  To 
better  evaluate  the  magnitude  of  the  switching  transients,  open- 
circuit  voltages  were  recorded  in  a next  sequence,  with  all  fuses  to 
the  drive  open,  thus  disconnecting  both  the  varistors  and  all  sensi- 
tive loads.  Figure  6 shows  two  typical  recordings  of  open-circuit 
voltages  and  two  of  voltages  resulting  from  varistor  clamping, 
recorded  during  a series  of  10  switching  sequences  for  each  condi- 
tion. Table  1 shows  the  recorded  crests  of  the  five  highest  volt- 
ages in  each  condition;  the  difference  between  the  two  groups, 
with  due  allowance  for  the  imperfect  statistical  basis  of  the  obser- 
vations, indicates  that  the  510  V varistors  reduced  the  peaks  from 
a typical  high  of  1450  V to  a typical  high  of  1 100  V. 
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Table  1 

FIVE  HIGHEST  TRANSIENTS 
IN  SEQUENCE  OF  10  SWITCHINGS 


Without  Varistors 

With  Varistors 

1450 

1100 

1400 

1100 

1300 

1050 

1300 

1050 

1300 

1050 

DISCUSSION 


Nature  of  the  Transients 

The  absence  of  any  transient  (over  120%  of  normal  crest) 
during  the  2-hour  monitoring  period  was  somewhat  surprising,  in 
the  context  of  earlier  reports  of  high  counts  recorded  with  Dranetz 
disturbance  analyzers.  Frequent  checks  of  threshold  levels  and 
variations  of  the  possible  trigger  modes  were  made,  maximizing 
the  chance  of  catching  an  overvoltage,  but  indeed  none  occurred. 
This  unusual  quiet  was  also  reflected  in  the  chart  recording  made 
by  the  plant  personnel,  so  that  the  absence  of  random  transients 
for  that  period  can  be  accepted  at  face  value. 

Therefore,  conclusive  evidence  was  obtained  that  substantial 
current  pulses  were  absorbed  by  the  varistors  during  capacitor 
switching.  The  magnitude  and  duration  of  these  pulses  were 
excessive  for  the  capability  of  a 20  mm  disc;  many  similar  drives 
installed  elsewhere  do  not  experience  the  failures  encountered  at 
that  particular  location. 

Another  significant  finding  from  these  measurements  is  the 
fact  that  the  switching  transients,  generated  at  the  23  kV  level, 
propagate  down  to  the  point  of  utilization  at  the  460  V level. 
Numerical  discussion  of  this  finding  is  given  later  in  this  paper. 

Effect  of  Transients  on  Varistors 

Published  varistor  specifications  include  the  “pulse  ratings,”  a 
family  of  curves  that  define,  for  each  varistor  type,  the  number  of 
isolated  pulses  that  a varistor  can  absorb  until  its  “rating”  is 
reached  {4].  The  curves  show  lines  relating  amplitude,  duration, 
and  total  number  of  pulses.  Figure  7 shows  this  family  of  curves 
for  the  original  20  mm  varistor. 

Figure  8 shows  the  same  curves  for  a proposed  32  mm  varis- 
tor. It  should  be  noted  that  the  pulse  rating  does  not  mean  cata- 
strophic failure  of  the  varistor  at  the  end  of  this  rating,  but  only  a 
10%  change  in  the  varistor  nominal  voltage.  Although  some 
change  is  indicated,  the  varistor  is  quite  capable  of  staying  on  line 
voltage  and  of  clamping  surges. 
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Figure  6.  Capacitor  switching  transients 


Figure  7.  Pulse  ratings  of  20  mm  varistor  |4| 
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A careful  examination  of  the  pulse  rating  curves  will  show  that 
the  duration  of  the  pulses  has  a strong  influence  on  the  number  of 
permissible  pulses.  Furthermore,  the  relationship  between  the 
increased  duration  of  the  pulses  and  the  decreased  number  of  per- 
missible pulses  is  not  proportional.  For  instance,  consider  pulses 
of  100  A peak  and  100  p s duration  (Figure  9A):  the  curves  show 
5000  pulses  allowed.  Now  increase  the  duration  of  the  pulses  to 
1000  fis  (a  ten-fold  increase),  while  keeping  the  amplitude  at 
100  A:  the  curves  show  the  permissible  number  as  one  pulse 
only.  Thus,  the  ten-fold  increase  in  duration  does  not  result  in  a 
ten-fold  decrease  in  the  number  of  permissible  pulses;  the  reduc- 
tion in  that  number  is  much  greater  than  the  inverse  of  the 
increase  in  duration.  Conversely,  taking  a pulse  duration  of 
1000  fj.s,  and  seeking  the  amplitude  allowable  for  the  same  5000 
pulses,  Figure  9B  shows  that  the  current  is  20  A,  which  is  five 
times  less  than  the  original  100  A,  not  ten  times  less.  Therefore, 
it  would  be  incorrect  to  treat  the  multiple  pulses  of  Figure  5 as 
five  separate  short  pulses;  rather,  one  equivalent  long  pulse  has  to 
be  defined. 

The  five-pulse  burst  of  Figure  5 has  been  redrawn  in  Figure  10 
in  order  to  plot  an  equivalent  continuous  pulse  of  approximately 
equal  duration,  with  a crest  such  that  the  i-t  integral  of  the  burst 
and  the  i t of  the  equivalent  pulse  are  approximately  the  same. 
The  use  of  i-t  rather  than  the  i2-t  integral  typically  used  for  fuses  or 
other  linear  loads  is  justified  by  the  fact  that  heat  deposited  in  the 
varistors  is  the  significant  parameter  because  the  nominal  voltage 
change  process  is  temperature  related;  this  heat  is  the  product  of 
the  variable  / and  the  nearly  constant  voltage  across  the  nonlinear 
varistor  during  the  burst. 

The  equivalent  pulse  of  Figure  10  can  then  be  used  to  evalu- 
ate, from  the  pulse  ratings  of  Figure  7,  the  number  of  high- 
amplitude  switching  transients  that  will  consume  100%  of  the 
varistor  pulse  rating.  Inspection  of  Figure  6 shows  that  for  a 
800  fj.s  duration  and  100  A amplitude,  the  pulse  rating  of  the 
20  mm  varistor  (6  kA  rating  at  8/20  n s)  is  reached  with  two  such 
events.  With  a probability  of  about  10%  that  this  highest  switching 
transient  would  occur  during  random  timing  of  the  switching  (the 
effect  decreases  rapidly  for  transients  other  than  the  highest)  and 
with  2 to  4 switching  operations  each  day,  the  pulse  rating  of  the 
varistors  could  be  reached  with  20  operations,  failure  perhaps 

aloi  ling  at  -40  to  50  ©ppjraiiona,  or  after  about  10  doyo  of  mposure 

to  that  power  system  environment.  This  estimate  is  unavoidably 
imprecise  because  the  pulse  rating  curves  represent  a conservative 
minimum;  actual  failures  will  occur  only  for  amplitudes  or  num- 
bers of  pulses  exceeding  the  rating  by  a large  but  imprecise  margin 
to  allow  for  manufacturing  variations.  However,  the  order  of 
magnitude  of  this  estimated  time  to  failure  is  in  accord  with  the 
observations  made  at  that  installation. 


A,  Same  ament,  Increasing  duration 


20  100  1000  10  000 
IMPULSE  DURATION — m® 

B.  Same  number  of  pulses,  increasing  duration 


Figure  9.  Reading  pulse  ratings  curves 


Fleur®  £0.  Single-nulse  equivalent  pulse  for  multiple  pulses 


Note  that  two  types  of  events  occur.  One  is  the  premature 
blowing  of  the  fuse,  which  is  not  caused  by  a varistor  failure  but 
by  the  /2-r  capacity  of  the  fuse  being  exceeded  by  the  environment 
[1].  The  other  is  the  fuse  blowing  caused  by  the  varistor  end-of- 
life  ultimate  failure. 
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Alternate  Varistor  Selection 

An  obvious  remedy  would  be  to  use  a varistor  with  greater 
energy-handling  capability.  The  32  mm  size  offers  such  a possi- 
bility. Inspection  of  Figures  7 and  8 shows  that  the  equivalent 
pulse  of  Figure  10  (800  pi s and  100  A)  corresponds  to  a permissi- 
ble occurrence  of  100  pulses  for  the  32  mm  varistor,  in  contrast  to 
the  two  for  the  20  mm  varistor.  The  improvement  in  the  number 
of  pulses  is  50  times  more  pulses  until  pulse  rating  is  reached.  The 
improvement  in  the  number  of  pulses  until  varistor  failure  occurs, 
however,  is  not  necessarily  50  times  more  pulses.  Because  of  the 
imprecision  mentioned  previously  in  the  margin  between  end  of 
pulse  rating  and  ultimate  failure,  that  margin  is  not  necessarily  the 
same  for  the  two  sizes,  20  mm  and  32  mm,  but  it  is  reasonable  to 
expect  the  same  order  of  magnitude  improvement  in  the  ultimate 
failure  as  in  the  pulse  rating.  This  expectation  of  a 50  times 
improvement  would  change  the  time  between  failures  from  the 
few  days  observed  with  the  20  mm  size  to  perhaps  one  year  with 
the  32  mm  size,  providing  immediate  relief  and  time  to  make  fur- 
ther changes  for  the  long  term.  Therefore,  the  change  to  a 32  mm 
size,  connected  at  the  same  point  of  the  circuit,  was  immediately 
implemented  for  that  particular  environment. 

Further  gains  could  be  obtained  in  the  length  of  time  between 
varistor  failures  by  increasing  the  clamping  voltage  of  the  varistors. 
This  increase  would  result  in  lower  current  pulses  for  the  same 
open-circuit  transient  voltage.  A 510  V rating  had  been  selected 
by  the  designer  of  the  drive  as  the  result  of  a trade-off  between 
varistor  clamping  voltage  and  the  withstand  voltage  of  the  thyris- 
tors protected  by  the  varistors.  If  thyristors  with  higher  voltage 
withstand  were  used,  the  solution  would  be  easy. 

Of  course,  the  standard  varistor  product  line  has  a certain  toler- 
ance band,  reflecting  normal  production  lot  variations.  In  princi- 
ple, a selection  could  be  requested  from  the  manufacturer  that 
varistors  with  a narrower  band  be  supplied  for  this  application. 
The  maximum  clamping  voltage  allowed  by  the  drive  specifications 
would  be  retained,  but  those  varistors  in  the  lower  half  of  the  dis- 
tribution, which  draw  larger  current  pulses  for  a given  open-circuit 
transient  voltage,  would  have  been  removed  from  the  population 
of  varistors.  For  instance,  the  range  of  nominal  voltages  for  a 
575  V,  32  mm  varistor  (the  next  higher  voltage  offered)  is  805  to 
1005  V for  1 mA  dc,  while  the  maximum  nominal  voltage  of  the 
same  diameter  but  rated  510  V is  910  V for  1 mA  dc.  Thus,  for  a 
normal  distribution  of  nominal  voltages  of  the  575  V varistor,  50% 
of  the  devices  could  theoretically  be  used  without  exceeding  the 
upper  limit  of  the  510  V varistor  that  is  consistent  with  the  drive 
specifications.  To  achieve  this  end,  it  would  be  necessary  for  the 
supplier  or  user  to  make  a careful  determination  of  the  nominal 
voltage  on  a population  of  575  V varistors  in  order  to  retain  only 
the  lower  half  of  the  distribution  (Figure  11). 
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Figure  11.  Tolerances  bands  of  510  V 
and  575  V varistors 


Other  Remedies 

In  addition  to  the  proposed  upgrading  of  protection  at  the 
460  V level,  three  other  remedies  could  be  considered:  installa- 
tion of  surge  arresters  at  the  2300  V level,  installation  of  surge 
arresters  at  the  23  kV  level,  or  a change  in  the  circuits  involved  in 
the  capacitor  switching,  designed  to  reduce  the  severity  of  the 
transients  at  their  origin. 

In  general,  the  protection  available  from  surge  arresters  tends 
to  improve  when  the  arresters  are  installed  at  higher  circuit  volt- 
ages. Thus,  it  is  quite  possible  that  arresters  installed  at  the 
2300  V primary  of  the  2300/460  transformer  could  provide  a more 
effective  clamping  (and  at  the  same  time  relieve  some  of  the 
energy  stress)  than  the  varistors  at  the  460  V level.  (It  is  of 
course  implied  that  these  would  be  the  zinc-oxide  type,  gapless 
arresters.)  The  full  benefit  of  these  arresters  depends  on  the 
configuration  of  the  2300  V system  and  its  grounding  (solidly 
grounded  neutral  in  a wye  system,  resistance-grounded  wye,  or 
floating  delta)  when  the  arrestors  are  connected  in  the  conven- 
tional line-to-ground  mode.  In  a second  phase  of  the  retrofit 
described  here,  2300  V arresters  were  installed  at  the  transformer 
primary.  A discussion  of  their  expected  performance,  validated  by 
the  success  of  the  retrofit,  is  given  later  on. 

Likewise,  arresters  on  the  23  kV  side  could  be  installed  at  the 
23  kV  substation  to  mitigate  the  capacitor  switching  transients  at 
their  origin,  or  at  the  primary  of  the  23  kV/2300  V substation  near 
the  control  house,  where  they  would  also  serve  as  lightning 
protection  for  the  overhead  23  kV  incoming  power  line.  These 
arresters,  again,  must  be  of  the  gapless  type  to  obtain  the  most 
effective  protection. 

The  final  remedy  in  the  list  of  alternatives,  but  perhaps  the  first 
in  effectiveness  when  the  opportunity  exists,  would  be  to  attempt 
reducing  the  severity  of  the  capacitor  switching  transients  at  their 
origin.  Series  inductors  or  damping  resistors  may  be  considered, 
the  effectiveness  of  which  would  be  predictable  if  a simulation  of 
the  power  system  behavior  were  performed  by  computer  model- 
ing. While  that  remedy  could  not  be  applied  to  this  particular  loca- 
tion, it  is  a remedy  that  should  be  considered  for  a similar  case  of 
exceptionally  severe  environment. 

EXPECTED  PERFORMANCE  OF  THE  2300  V ARRESTERS 

The  measurements  made  first  with  open-circuit,  then  with  the 
20  mm,  510  V varistors  on  the  460  V side  have  shown  a reduction 
of  maximum  voltage  from  1450  V to  1100  V (Table  1)  when  a 
current  of  approximately  200  A is  flowing  in  the  line  and  varistors 
(Figure  5). 

We  can  assume  that  the  voltage  drop  in  the  line  from  the  subs- 
tation and  two  step-down  transformers  is  mostly  inductive  at 
5.5  kHz,  and  that  the  voltage  in  the  varistors  can  be  treated  as  the 
voltage  across  a resistor  at  the  time  of  the  crest  of  the  current 
wave.  The  diagram  of  Figure  12  shows  the  relationship  between 
the  three  voltages  Voc,  Vl,  and  Vv,  respectively,  the  open-circuit 
voltage  generated  by  the  capacitor  switching  action,  the  voltage 
drop  in  the  line  and  two  transformers,  and  the  varistor  voltage  at 
the  current  peak.  Treating  this  highly  nonlinear  circuit  as  a linear 
circuit  is  an  approximation  that  will  provide  at  each  point  of  the 
full  range  of  voltage  and  current  conditions  a valid  order  of  magni- 
tude for  the  purpooeo  of  thio  ducuuion.  Nuniciivol  inclhuil)  aic 

available  for  rigorous  treatment  at  any  instant  over  the  full  range 
of  conditions  [6].  With  this  simpifying  assumption,  we  can  deter- 
mine the  order  of  magnitude  of  the  5.5  kHz  current  that  would 
flow  in  an  arrester  installed  at  the  primary  terminals  of  the  2300 
V/460  V transformer  as  follows. 
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1.  From  the  actual  measured  voltages  shown  in  Figure  12,  we 
derive  the  voltage  drop,  Vl,  in  the  23  kV  line  and  two  step- 
down  transformers: 

VL  - (14502-  HOT2)1'2 
- 946 

Thus,  at  5.5  kHz,  the  impedance  between  the  source  and  the 
varistor  is 


940  V 

200  A 


- 4.70 

Note  that  this  4.7ft  impedance  means  that  the  5.5  kHz  switch- 
ing transient,  generated  at  a distance  of  about  3000  m (2  miles) 
from  the  point  of  measurement,  and  at  the  23  kV  level,  can 
travel  a long  distance  and  pass  through  two  step-down 
transformers  with  less  attenuation  than  might  be  expected  from 
the  unsound  but  popular  view  that  “surges  cannot  travel  that 
far  without  substantial  attenuation.” 

2.  We  now  arbitrarily  assign  equal  values  to  the  three  dements  of 
this  impedance,  ZL:  (1)  the  23  kV  line  impedance;  (2)  the 
23  kV/2300  V transformer;  and  (3)  the  2300/460  V trans- 
former. The  impedance  between  the  source  and  the  primary  of 
the  2300/460  V transformer  is  then  two-thirds  of  the  total 
impedance,  Zl,  or  about  3ft  for  the  460  V side  of  the 
transformer. 

3.  On  the  2300  V side,  the  impedance  of  3ft,  calculated  above, 
becomes  3 ft  x (2300/460)2  = 75  ft  and  the  open-circuit  volt- 
age of  1450  V which  was  measured  on  the  460  V side  becomes 
1450  V x (2300/460)  « 7250  V. 

4.  Knowing  the  open-circuit  voltage  and  the  impedance  between 
the  source  and  the  2300  V arrester,  we  can  compute  the  cur- 
rent in  the  arrester  by  iteration  if  we  assume  some  current 
value  and  read  the  corresponding  clamping  voltage  on  the  I-V 
characteristic  of  the  arrester: 

a)  Assume  a current  crest  of  50  A,  producing  a drop  of  50 
x 75  *=  3750  V in  the  line  and  23,000/2300  V transformer. 
Adding  this  voltage  to  the  varistor  voltage,  corresponding  to 
50  A,  which  is  read  as  about  5700  V on  the  arrester  charac- 
teristic curve  for  minimum  discharge  voltage  (Figure  13), 
we  have  (3750s  4-  5700 J),/2  = 6780  V,  or  somewhat  below 
the  expected  7250  V open-circuit  voltage,  which  is  to  equal 
the  quadratic  sum  of  the  two  voltages  Vl  and  Vv. 

b)  Assume,  for  a new  iteration,  a crest  of  60  A,  producing  a 
drop  of  60  x 75  = 4500  V,  while  the  varistor  voltage 
remains  essentially  the  same,  i.e.,  5700  V.  The  quadratic 
addition  becomes  (4S002  4-  57002)1'2  131  7210  V,  or  a value 
dose  to  the  goal  of  7250. 

5.  Thus,  we  can  expect  that  the  2300  V arrester  will  experience 
current  pulses  occurring  in  bursts  not  exceeding  60  to  70  A, 
with  durations  similar  to  those  found  on  the  460  V varistors, 
i.e.,  5 to  7 pulses  per  train,  or  a total  duration  in  the  order  of 
1 ms.  Information  on  arrester  duty  available  from  the 
manufacturer  indicates  that,  for  a pulse  train  of  that  duration 
and  a crest  of  less  than  100  A,  no  limitation  of  the  number  of 
pulses  need  oe  imposed  on  me  arrester  as  long  as  enough  ilme 
is  allowed  between  pulses  to  permit  cooling  of  the  arrester. 

Furthermore,  the  5700  V clamping  level  predicted  for  the 
2300  V surge  arresters  at  60  A would  be  reflected  as  a crest  of 
5700  V x 460/2300  = 1140  V on  the  460  V side.  The  510  V, 
32  mm  varistors,  connected  in  series  with  the  impedance  of  the 
2300/460  V transformer,  would  then  be  exposed  to  this  maximum 
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Figure  12.  Open-circuit  voltage  and  voltage  drops 
in  the  system 


Figure  13.  Minimum  damping  voltage  characteristic 
for  230®  V arrester 

open-circuit  voltage  of  1140  V,  a value  much  lower  than  the 
1450  V open-circuit  voltage  that  was  applied  to  them  in  the 
absence  of  the  2300  V arresters.  For  that  applied  voltage,  the  cur- 
rent drawn  by  the  varistor  would  be  in  the  range  of  10  to  20  A, 
values  much  lower  than  the  200  A measured  without  the  2300  V 
arrester.  Computing  the  equivalent  pulse,  as  was  done  in  Fig- 
ure 10  for  the  200  A crests,  would  yield  an  equivalent  crest  of 
about  10  A,  for  which  the  pulse  rating  curves  of  the  32  mm  series 
show  more  than  100,000  pulses  before  its  rating  is  reached. 

To  place  these  large  differences  of  performance  and  withstand 
capability  into  perspective.  Table  2 shows  the  relative  sizes  and 
volumes  of  varistor  material  applied  to  the  taming  of  the  capacitor 
switching  transient.  In  other  words,  the  eaviresmeiae  has  now 
teem  matched  by  the  capability  of  the  varistors. 


Table  2 

VARISTOR  AND  ARRESTER  DIMENSIONS 


Type 

Diameter 

Thickness 

Volume 

20  mm 

1.8  cm 

0.35  cm 

0.9  cm2 

32  mm 

3.0  cm 

0.35  cm 

2.5  cm3 

2300  V Arr. 

6.1  cm 

2.4  cm 

70  cm3 
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CONCLUSIONS 

Voltage  and  current  measurements  made  on  the  460  V input  to 
a thyristor  motor  drive,  during  staged  capacitor  switching  opera- 
tions, showed  current  surges  in  the  varistors  originally  used  in  the 
system  that  could  consume  the  pulse  rating  life  of  these  varistors 
in  a few  days  of  typical  operation.  Short-  and  long-term  remedies 
were  achieved. 

For  the  short  term,  the  change  to  a larger  varistor  connected 
on  the  460  V side  of  the  system  was  readily  implemented  to  main- 
tain the  originally  specified  protective  level,  while  the  fuse-blowing 
nuisances  were  eliminated  by  use  of  a larger  fuse.  Available 
devices  for  this  460  V circuit  may  still  have  a relatively  short  life 
(a  few  hundred  days)  in  the  prevailing  environment  of  the  site, 
but  they  offered  immediate  relief  and  therefore  allowed  successful 
startup  of  the  system. 

For  the  long  term,  further  protection  was  obtained  by  the 
installation  of  conventional  station-class  surge  arresters,  of  the 
zinc-oxide,  gapless  type,  at  the  2300  V level.  The  system  has  now 
operated  for  3 years  without  problems. 

This  case  history  also  illustrates  the  low  attenuation  of  the 
switching  transient  between  the  distant  source  at  23  kV  (about 
3000  m,  or  2 miles)  and  the  point  of  utilization  at  460  V. 
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Oissnssioa 

J.  L.  Keepflusger  (Duquesne  Light  Company,  Pittsburgh,  PA):  The  author 
has  addressed  one  of  many  mechanisms  for  producing  repetitive  over- 
voltages  on  Sow-voltage  circuits.  In  this  particular  instance,  it  was  possible 
to  obtain  controlled  conditions  so  that  a measurement  could  be  made 
of  the  voltage  and  currents  resulting  from  the  capacitor  switching.  It 
would  be  useful  if  there  was  an  analytical  method  presented  that  cor- 
related the  generation  of  the  5.5-kHz  pulses  with  those  measured.  Did 
the  author  attempt  to  make  such  a correlation? 

This  paper  points  out  the  need  to  know  the  characteristic  of  the  surge 
so  that  proper  sizing  of  the  protection  can  be  achieved.  Therefore  it  would 
be  desirable  to  be  able  to  have  some  analytical  tool  to  permit  calcula- 
tion of  the  frequency  of  the  surge  due  to  remote  capacitor  switching. 

Manuscript  received  July  24,  1985. 

Francois  D.  Martzlofffs  The  paper  reported  a case  history  from  which 
useful  information  may  be  derived  on  retrofitting  corrections  of  similar 
problems  or,  better,  on  avoiding  the  problem  by  foresight.  The  situa- 
tions confronting  the  author  was  the  need  for  immediate  corrective  ac- 
tion rather  than  complete  investigation  and  mutual  validation  of  analytical 
methods  and  field  measurements. 

The  literature  is  fairly  rich  in  both  theoretical  and  practical  papers  on 
the  problems  associated  with  capacitor  switching,  both  for  energizing 
and  for  de-energizing,  the  latter  involving  the  risk  of  restrikes.  Because 
of  this  availability  and  the  limited  space  available  in  the  Transactions 
on  one  hand,  and  because  of  the  limitations  in  scope  of  the  field  retrofit 
mission  on  the  other  hand,  no  attempt  was  made  to  correlate  the 
measurements  with  the  power  system  parameters  (which  were  not  readi- 
ly available  to  the  author).  In  response  to  Mr.  Koepfinger’s  suggestion, 
abstracts  are  cited  below  to  provide  references  to  both  analytical  tools 
and  practical  results  published  by  other  workers. 
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machine  infinite  bus  system  with  the  accuracy  necessary  to  determine 
the  capacitor  switching  times  so  as  to  achieve  the  control  objectives. 
However,  it  is  shown  that  computation  accuracy  may  be  improved 
by  including  system  losses.  It  appears  that  in  order  to  apply  optimal 
control  techniques  it  will  be  necessary  to  develop  more  accurate 
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Significance: 

Part  2 Development  of  standards  - Reality  checks 

Part  5 Monitoring  instruments,  laboratory  measurements,  test  methods 

Standards  for  surge  testing  have  a long  tradition  of  using  unidirectional  waves  (“impulses”),  in  particular  a 1.2/50 
voltage  impulse  and  an  8/20  current  impulse.  Many  surveys  of  surge  activity  in  low-voltage  AC  power  circuits  have 
shown  that  a large  number  of  recordings  actually  show  oscillatory  surges  rather  than  unidirectional  surges. 

This  paper  provides  examples  of  such  waveforms,  independently  recorded  by  two  organizations,  one  in  the  US  and 
one  in  Italy.  These  examples  draw  on  field  measurements  as  well  as  laboratory  experiments  and  are  offered  to 
make  the  case  that  Ring  Waves  should  be  included  in  the  regimen  of  electromagnetic  compatibility  tests. 
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ABSTRACT  - Five  independent  investigations  on  the  coupling 
of  surges  into  low-voltage  circuits  (data  or  power  lines),  and  of 
their  effects,  show  that  a damped  oscillatory  transient  is  a real, 
realistic  stress  for  equipment  connected  to  these  lines. 

INTRODUCTION 

Traditional  surge  testing  performed  on  electromechanical 
equipment  has  been  based  on  the  unidirectional  1.2/50  n s 
Impulse  deemed  to  represent  the  threat  of  lightning  in  power 
transmission  networks.  The  purpose  of  these  tests  was  to 
demonstrate  the  ability  of  high-impedance  insulation  to 
withstand  a voltage  stress.  As  a complement  to  these  traditional 
tests,  a current  waveform  was  defined  to  demonstrate  the  ability 
of  low-impedance  components,  such  as  surge  arresters,  to 
carry  the  currents  associated  with  simulated  lightning 
discharges.  Application  of  systematic  tests  based  on  these  two 
waveforms,  as  part  of  the  Basic  Insulation  Level  concept,  was  a 
turning  point  in  ensuring  greater  reliability  of  power  systems. 

These  tests,  however,  were  primarily  aimed  at  demonstrating 
the  ability  of  equipment  to  survive  in  the  presence  of  the  lightning 
phenomenon  ortransients  In  the  low-voltage  power  cables.  The 
reliability  of  systems  in  the  presence  of  other  electromagnetic 
disturbances  requires  considering  other  tests,  dealing  not  only 
with  equipment  withstand  capability,  but  also  with  Its  immunity. 

With  the  development  and  increasing  deployment  of  Improved 
instrumentation,  It  became  apparent  that  typical  waveforms  of 
surges  in  low-voltage  circuits  are  not  only  the  traditional 
unidirectional  wave,  but  also  a decaying  oscillatory  wave.  The 
results  of  measurements  performed  over  the  years  in  widely 
different  environments,  however,  [1],  [2]  have  demonstrated  the 
prevailing  pattern  of  oscillatory  transients. 

SPECIFIC  INVESTIGATIONS 

This  paper  briefly  cites  the  results  of  five  Investigations 
performed  by  the  authors,  which  point  out  the  need  to  consider 
damped  oscillations  as  a necessary  complement  to  the 
traditional  unidirectional  waveforms.  Included  are  two 
unpublished  Investigations  of  coupling  from  a high-voltage  line 
Into  low-voltage  signal  and  control  lines  that  were  performed  at 
facilities  of  the  Italian  Electricity  Board,  ENEL,  in  1969  and  1975, 
as  reported  In  this  paper  by  G.  Pellegrini.  One  Investigation  of 
surge  coupling  between  a grounding  conductor  and  other 
low-voltage  conductors  was  performed  in  1978  in  support  of 
IEEE  Std  C62.41  [3],  [4].  Another  Investigation  of  the 
propagation  surges  was  pertormed  in  19H/  oy  imioi  at  an 
industrial  building  in  California  [5].  Preliminary  tests  have  been 
conducted  in  1 990  at  the  NIST  facilities  on  semiconductorfailure 
modes,  lustrating  the  implications  of  oscillatory  stress  on 
semiconductor  failure  modes.  These  last  three  investigations 
are  reported  In  this  paper  by  F.D.  Martzloff.  From  these  five 
investigations,  the  conclusion  is  reached  that  oscillatory  surges 
- Ring  Waves  - need  to  be  included  in  a comprehensive  test 
program  for  electromagnetic  compatibility  [6] 


1.  Surge  voltages  induced  in  low-voltage  control  and 
signal  cables  located  near  transmission  lines 
Impacted  by  lightning 

To  establish  realistic  surge  immunity  specification  for 
equipment  installed  in  high-voltage  (HV)  substations,  it  was 
imperative  to  identify  the  parameters  of  transient  voltages 
induced  in  associated  signal  and  control  lines.  To  that  end, 
investigations  were  carried  out  in  1 969  at  the  ENEL  "Verderio" 
HV  Substation  (7],  [8]. 

Primary  phenomena  (lightning,  switching,  and  faults)  were 
simulated  on  the  HV  line.  The  resultant  surges  Induced  in 
control  and  signal  cables  running  parallel  to  the  line  were 
identified  and  measured. 

1.1  Simulation  of  primary  phenomena  - The  phenomena 
considered  in  the  investigation  are  lightning  surges  and 
switching  surges  (energizing  and  initial  transient  of  ground 
faults).  Rise  time  and  duration  were  the  two  most  significant 
parameters.  The  1.2  /is  rise  time  of  the  standard  1.2/50  ps 
Impulse  was  selected  as  representative  of  the  phenomena 
considered.  The  duration  of  the  standard  1 .2/50  ns  impulse  is 
representative  of  lightning,  but  too  short  for  switching  surges. 

Therefore,  simulation  of  the  primary  phenomena  was  obtained 
by  a 1/500  ^s  Marx  generator  (600  kV.  18  kJ,  75  ohms  Internal 
Impedance,  output  capacitance  3 nF),  by  applying  this 
unidirectional  pulse  to  a 31 -km  long  line  (line-to-ground,  single 
phase).  The  resultant  voltage  pulse  applied  to  the  line,  unloaded 
and  not  terminated  on  its  characteristic  impedance,  was  106  kV 
peak  and  the  line  current  264  A peak. 

The  waveform  of  the  generator  open-circuit  voltage  is  shown  in 
Figure  1 and  the  resulting  voltage  applied  to  the  line  In  Figure  2 
(front  of  wave  and  complete  waveform) . The  oscillograms  show 
how  the  unidirectional  impulse  produces  a wave  characterized 
by  a unidirectional  component  plus  oscillations  caused  by  the 
impedance  mismatching  at  the  end  of  the  line  and  also  along  It, 
the  latter  associated  with  line  towers  having  different  heights. 
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Figure  1.  Open-circuit  Voltage  of  Surge  Generator 

Simulating  Lightning  on  the  Transmission  Line 
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Vertical:  20  kV/div 
Sweep:  1 ^s/div 


Vertical:  20  kV/div 
Sweep:  500  ^s/div 


Figure  2.  Surge  Voltage  Applied  to  the  High-Voltage  Line 

1.2  Measurements  on  cables  - Twelve  types  of  cables  were 
included  in  the  test  program.  In  the  present  summary,  results 
are  cited  for  typical  unshielded  and  shielded  cables,  Including 
coaxial  and  triaxSal  cables.  For  each  cable,  several 
measurements  were  made,  including  common  and  differential 
modes,  with  various  combinations  of  earth  connection  for  the 
shields  and  terminating  Impedances.  Space  limitation  In  the 
present  paper  prevent  presentation  of  detailed  test 
configurations  and  results;  these  can  be  supplied  to  interested 
parties  by  G.  Pellegrini.  Figure  3 Illustrates  one  of  the  types  of 
connections  and  combinations  of  grounding  for  one  example 
of  cable.  The  major  point  of  this  paper  is  to  call  attention  to  the 
occurrence  of  oscillatory  waveforms  in  the  cables,  rather  than 
detailed  numerical  values.  For  each  cable,  the  characteristics 
of  the  voltages  are  summarized  below,  and  selected 
oscillograms  (Figures  4-7)  illustrate  the  waveforms. 


Figure  3.  Typical  Connections  for  Cable  Measurements 


Control  cable,  unshielded..  (Figure  4) 

Common  mode  voltage:  200  kHz  damped  oscillation. 
Differential  mode  voltage:  250  kHz  damped  oscillation. 

Telephone  cable.  20  pairs,  aluminum  tape  shield  (Figure  5) 
Shield-to-earth  voltage:  200  kHz  damped  oscillation. 

Common  mode  voltage  of  the  pairs  (shield  earthed  at  both 
ends):  unidirectional  component  with  a few  microseconds 
duration  and  superimposed  400  kHz  oscillation. 

Differential  mode  voltage:  not  shown,  but  negligible  value  (less 
than  1 V). 

Coaxial  cable.  RG  56/1/  (Figure  6) 

Shield-to-earth  voltage:  300  kHz  damped  oscillation. 

Conductor-to-shleld  voltage  (shield  earthed  at  both  ends): 
unidirectional  component  with  about  40  ps  duration 

(Figure  7) 

The  outer  shield-to-earth  voltage  presents  the  same  general 
waveform  as  the  one  observed  for  the  coaxial  cable.  The  inner 
shield-to-earth  voltage,  with  the  outer  shield  earthed  at  the  ends 
Is  similar,  but  the  unidirectional  component  has  400  kHz 
oscillations  superimposed.  The  same  situation  occurs  for  the 
conductor-to-earth  voltage,  with  an  amplitude  of  about  15%  of 
the  first  case,  due  to  the  higher  shielding  efficiency. 
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Figure  4.  Transients  induced  in  Unshielded  Control  Cable 


Shield-Earth  Voltage  Common-Mode  Voltage 

Vertical:  2 kV/div  Vertical:  100  V/div 
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Figure  5.  Transients  Induced  in  Shielded  Telephone  Pair 


Shield-Earth  Voltage 

Conductor-Shield  Voltage 

Vertical:  2 kV/div 

Vertical:  10  V/div 

Sweep:  1 ^s/div 

Sweep:  1 p s/div 

Figure  6.  Transients  Induced  in  Coaxial  Cable 
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Figure  7.  Transients  Induced  In  Trlaxial  Cable 
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1.3  Discussion  of  results  - The  shape  of  a unidirectional  pulse 
impressed  onto  a line  though  a generator  is  subjected  to 
modifications  due  to  the  practical  impossibility  of  terminating 
the  line  on  its  characteristic  impedance.  The  actual 
phenomenon  occurring  on  the  line  and  Impacting  the 
secondary  low-voltage  cabling  is  quite  different  from  the 
theoretical  double  exponential  pulse.  This  interaction  between 
the  surge  generator  and  its  load  occurs  whenever  a similar  pulse 
Is  applied  to  other  networks  or  structures. 

Whenever  the  predominant  coupling  is  inductive,  the  surges  in 
the  victim  cables  have  a damped  oscillatory  waveform  at  a 
frequency  that  may  range  from  100  to  300  kHz.  with  a damping 
dependent  on  the  type  of  cable  shield  and  the  propagation  of 
the  Induced  voltage.  When  there  is  a common  impedance 
coupling  of  the  cables  with  the  primary  phenomenon,  as  in  the 
case  of  the  shield  earthed  at  the  ends,  with  consequent  transient 
current  flowing  in  it.  the  induced  voltage  shows  a unidirectional 
component  with  superimposed  damped  oscillations. 


2.  Surges  induced  in  control  and  signal  cables  near 
3 kV  and  380  V cables 

This  Investigation,  complementing  the  Verderio  measurements, 
was  carried  out  In  1975  at  the  ENEL  "Turblgo’  Power  Plant.  The 
purpose  was  to  Identify  the  surges  induced  in  control  and 
low-level  (mA,  mV)  measurement  cables  installed  along  power 
cables  in  power  plants,  as  well  as  In  industrial  plants  [8],  [9]. 

The  causes  of  disturbances  considered  were  the  switching  of 
power  circuits  at  6 kV  and  380  V,  occurring  under  worst  case 
conditions  of  switching  at  the  crest  of  the  power-frequency 
voltage. 

2.1  Primary  Phenomena  - The  power  circuits  used  for  the 
Investigation  were  a 6 kV  cable  feeding  a 700  kW  load  in  an 
operating  power  plant;  the  380  V cables  were  connected  to  an 
artificial  load  of  2.5  Q (120  A peak).  The  waveform  of  the  6 kV 
surges  occurring  at  the  closing  of  a circuit  breaker  is  given  in 
Figures  8 and  9.  The  waveform  related  to  the  380  V cable  is 
given  in  Figure  1 0.  The  waveform  of  the  surge  In  the  6 kV  cable 
(difficult  to  read  in  the  reproduced  oscillograms)  has  a rise  time 
less  than  1 p s,  with  a step  after  4fis  due  to  the  reflection  in  the 
proximity  of  the  load  (it  has  been  verified  that  the  waveform  is 
Independent  on  the  presence  of  a load).  Because  the  shield  of 
the  6 kV  cable  was  earthed  only  at  the  switchgear  cell,  the 
voltage  between  shield  and  earth  at  the  other  end  of  the  shield 
was  also  measured  (Figure  9),  as  this  voltage  may  be  the  most 
likely  to  couple  disturbances  Into  adjacent  control  lines.  The 
surge  in  the  380  V circuit  has  a rise  time  of  about  50  ns. 


Vertical:  2.4  kV/div 
Sweep  1 : 1 ^s/div 

Sweep  2: 2 ms/div 
(Power-line  voltage) 


Figure  8.  Surge  Occurring  on  6 kV  Cable,  between 
Conductor  and  Shield 


Figure  9.  Surge  Occurring  on  6 kV  Cable,  between 


Shield  and  Earth,  at  Floating  End  of  Shield 


Figure  10.  Surge  Occurring  on  380  V Cable 


Vertical:  100  V/div 
Sweep:  0.1  *<s/dtv 


2.2  Measurements  on  cables  - Two  different  sets  of  control  and 
low-level  cables,  of  the  same  type  used  in  the  operating  plant, 
were  included  in  the  measurements  of  induced  surges:  one  set 
laid  down  on  the  same  tray  as  the  6 kV  cables  and  near  them, 
and  another  set  in  a PVC  tube.  For  both  the  cable  sets,  two 
values  of  separation  were  used,  a few  centimeters  and  0.3  m 
from  the  power  cables.  The  length  of  the  parallel  runs  of  power 
cables  and  control  cables  varied  between  100  and  300  m. 

In  this  procedure  the  actual  control  and  low-level  cables  were 
not  used  so  that  measurements  could  be  carried  out  under 
reference  condition  independently  of  the  service  operating 
condition  at  the  time  of  measurement.  Using  separate  cables 
permitted  changing  the  earthing  condition  of  the  shields  at  the 
process  Instrumentation  in  the  field  or  at  the  supervisory  system 
side. 

The  cables  for  which  the  measurement  results  are  cited  as 
representative  examples  (the  complete  test  schedule  included 
other  types)  were  a 1 -pair  twisted  thermocouple  cable,  and  a 
1 -pair  twisted,  low-level  signal  cable. 

The  measurements  were  made  with  earthing  of  the  signal 
source  and  of  the  cable  shield  at  the  field  end  (process 
instrumentation)  or  at  the  supervisory  system  end  (according 
to  some  manufacturers  specifications).  At  the  signal  source 
(process  instrumentation  side)  the  cable  circuits  were 
short-circuited.  At  the  measurement  side,  the  pairs  were  left  in 
open-circuit  condition,  in  order  to  simulate  the  real  operating 
condition  (normally  corresponding  to  the  multiplexer  input). 

For  each  cable,  the  characteristics  of  the  voltages  are 
summarized  below,  and  selected  oscillograms  (Figures  11-14) 
Illustrate  the  waveforms.  For  the  sake  of  brevity,  the 
oscillograms  are  given  only  for  the  common  mode  (CM)  and 
differential  mode  (DM)  measurements  with  the  earthing  of  the 
signal  circuit  and  of  the  cable  shields  at  the  process 
instrumentation  in  the  case  of  the  0.3  m cable  separation. 

The  results  depend  on  the  condition  of  earthing  of  the  signal 
circuit  and  cable  shield  at  the  side  of  the  computer  and  for  a few 
cm  separation  from  power  cables  present  values  (differential 
mode  only)  that  are  generally  higher,  up  to  one  order  of 
magnitude.  The  waveforms,  however,  present  the  same 
characteristics  (frequency  of  oscillation,  damping).  Once 
again,  the  major  object  of  citing  these  results  in  the  context  of 
this  paper  Is  to  show  waveforms,  not  detailed  data. 


Figure  11.  Transients  Induced  in  Thermocouple  Pair 
by  Surge  Occurring  In  6 kV  Cable 


Common  Mode 
Vertical:  12.5  V/dlv 
Sweep:  10^s/div 


Differential  Mode 
Vertical:  200  mV/div 
Sweep:  5/<s/div 
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Commors  Mode 
Vertical:  2.5  V/dlv 
Sweep:  10^s/dlv 


Differential  Mode 
Vertical:  50  mV/div 
Sweep:  5 /4S/div 


Figure  12.  Transients  induced  in  Thermocouple  Pair 
by  Surge  Occurring  In  380  V Cab!® 


Common  Mode 
Vertical:  12.5  V/dlv 
Sweep:  10/rs/dlv 


Differential  Mode 
Vertical:  200  mV/dlv 
Sweep:  5^s/div 


Figure  13.  Transients  Induced  in  Signal  Pair 
by  Surge  Occurring  in  8 kV  Cable 


Common  Mode 
Vertical:  2.5  V/div 
Sweep:  10^s/dlv 


Differential  Mode 
Vertical:  50  mV/dtv 
Sweep:  5//s/div 


Figure  14.  Transients  Induced  in  Signal  Pair 
by  Surge  Occurring  in  380  V Cable 


2.3  Discussion  of  the  results  - The  surges  induced  in  the 
measurement  cables  have  common-mode  levels  of  less  than 
100  V peak  and  differential-mode  levels  of  less  than  1 V peak 
mode  on  the  signal  lines  (pairs). 

The  waveforms  are  substantially  damped  oscillatory  waves 
(single  shot),  affected  by  a damping  dependent  on  the 
propagation  characteristics  of  the  6 kV  and  380  V cables.  The 
frequency  of  the  oscillations  ranges  from  about  1 00  to  200  kHz; 
higher  values  are  observed  for  the  common  mode  and  lower  for 
the  differential  mode  voltages.  The  propagations  affect  each 
other.  It  Is  important  to  note  that,  In  practical  cases,  the  final 
waveform  parameters  of  induced  surges  cannot  be  predicted 
or  precisely  defined  due  to  the  variability  of  the  installation 
parameters  (length  of  cables,  dielectric  constant  of  the 

Snoulotiort,  #r©rv»  tho  go-©va«c3  ©#  B*©?©r©r*©©,  ©ft©.). 

It  is  evident  that.  In  particular  for  the  differential  mode,  the 
Induced  surges  do  not  Include  a unidirectional  component. 
Such  a component  appears  only  In  limited  amount  for  the 
common-mode  on  the  pairs  within  a cattle,  whenever  the  surges 
are  induced  by  the  transients  on  the  380  V power  cable.  In  this 
case,  because  these  380 V cables  are  unshielded,  the  capacitive 
coupling  occurs  In  the  low  frequency  range. 


3.  Conversion  of  unidirectional  lightning  current 
in  ground  conductors  into  oscillatory  surges 

Tests  were  performed  In  the  General  Electric  High  Voltage 
Laboratory  [3],  aimed  at  simulating  the  passage  of  current  in 
the  grounding  (protective  earth)  conductor  of  the  service  drop 
to  a building.  The  motivation  for  the  test  was  part  of  a general 
investigation  on  propagation  of  surges  In  low-voltage  wiring 
without  a preconceived  notion  on  the  waveform  of  the  surges. 
As  it  turned  out,  the  Injection  of  a unidirectional  current 
produced  an  oscillatory  voltage. 

The  building  wiring  system  was  simulated  by  erecting  a service 
entrance  panel  and  several  branch  circuits,  In  a geometry 
representative  of  the  normal  wiring  practice  applied  in  the  U.S. 
The  service  drop  was  simulated  by  using  a pole-type  distribution 
transformer  Including  its  connection  to  the  earth  reference  (the 
ground  plane  of  the  laboratory  In  this  test),  a three-conductor 
service  drop,  and  the  prescribed  grounding  of  the  neutral  at  the 
service  entrance  (Figure  15).  The  service  drop  conductor 
configuration  was  the  conventional,  three-conductor 
"messenger  wire"  strung  between  the  pole  and  the  building. 
This  messenger  wire  serves  as  a mechanical  support  as  well  as 
the  multiple-grounded  neutral  conductor,  with  the  two  other 
conductors  wrapped  in  a long  pitch  around  the  messenger. 

Unidirectional  8/20  ps  current  impulses  were  injected  between 
the  neutral  terminal  of  the  distribution  transformer  and  the 
ground  plane.  For  the  initial  scenario  of  30  kA  In  the  messenger 
wire,  resulting  from  an  assumed  100  kA  stroke  (Figure  15), 
several  flashovers  were  observed  in  the  branch  circuit  wiring. 
The  current  had  to  be  reduced  to  1 .5  kA  for  flashovers  to  stop. 
The  resulting  voltages  were  then  measured  between  the  phase 
and  neutral  conductors  at  various  points  of  the  branch  circuits. 
In  all  cases,  a large  oscillatory  component  at  500  kHz  was 
present  in  the  measured  voltage,  in  addition  to  a unidirectional 
component.  Figure  1 6 shows  the  injected  unidirectional  current 
and  Figure  17  shows  the  induced  voltage  appearing  at  one  of 
the  receptacles  at  the  end  of  a branch  circuit. 


Figure  15.  Configuration  Simulating  Lightning  Current  in 
Messenger  Wire  of  a Service  Drop  to  a House 
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Vertical:  500  V/div 
Sweep:  2,m  s/div 


Figure  17.  Transient  Induced  as  2.2  kV  Differentia!  Mode 
by  a 1.5  kV  8/20  us  Impulse  in  Messenger  Wire 
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Vertical:  500  V/div 
Sweep:  2 //s/div 


Figure  19.  Oscillatory  Transient  Appearing  in  Building  as 
Result  of  Application  of  the  Figure  18  Surge 


4.  Response  of  a building  wiring  system  to  a 

unidirectional  surge  applied  at  the  service  entrance 
of  the  building 

During  a series  of  measurements  aimed  at  defining  the  surge 
propagation  characteristics  of  an  actual  building  wiring  [5],  it 
was  found  that  applying  a unidirectional  surge  at  the  service 
entrance  of  the  building,  on  the  primary  side  of  the  transformer 
installed  within  the  building,  results  in  oscillatory  transients.  In 
contrast  with  the  previous  test  where  current  surges  were 
Injected  In  the  grounding  conductors,  in  this  test  series  voltage 
surges  were  Injected  phase-to-phase  on  the  transformer 
primary.  Figure  18  shows  the  voltage  waveform  at  the 
transformer  primary  resulting  from  a standard  1.2/50  surge 
voltage.  Note  the  occurrence  of  a small  oscillation  (12%)  at  the 
crest,  but  the  predominant  waveform  of  the  surge  is 
unidirectional,  a situation  somewhat  different  from  the 
interaction  between  the  Marx  generator  and  the  mismatched 
high-voltage  line  seen  in  Figure  2. 

The  resulting  transient  inside  the  building  is  a superposition  of 
a unidirectional  component  and  an  oscillation  (Figure  19),  that 
Is,  the  same  situation  of  common  impedance  discussed  in 
paragraph  1 .3.  This  transient  then  propagates  throughout  the 
wiring  Inside  the  building. 

In  Figure  19,  a line  has  been  drawn  on  the  oscillogram  to  show 
the  unidirectional  component  In  the  resulting  oscillatory 
transient.  Note  that  the  first  cycle  of  the  oscillation  has  an 
amplitude  of  three  times  the  unidirectional  component, 
compared  to  the  12%  ring  of  the  applied  unidirectional  surge. 
Details  of  the  propagation  characteristics  are  presented  in  Ref 
[5].  A significant  finding  was  that  for  the  dimensions  of  the 
building  (length  of  the  conductors),  the  faster  front  (0.5  fis)  of 
the  100  kHz  Ring  Wave  produced  reflections  which  would  not 
occur  with  a slower  1 .2/50  fts  impulse.  On  the  other  hand, 
much  faster  waves,  such  as  the  5/50  ns  burst  [10]  were  found 
to  be  quickly  attenuated.  Thus,  this  ring  wave  produces  a unique 
stress  on  equipment  connected  to  the  end  of  a branch  circuit, 
such  as  an  electronic  control  circuit  In  standby  mode,  the 
subject  of  the  next  Investigation. 


Figure  18.  Applied  Unidirectional  1.2/50  us  Voltage  at 
Primary  of  Service  Transformer  of  Building 


5.  Effects  of  oscillatory  surges  on  semiconductors 

Various  published  and  unpublished  test  results  [11],  [12]  have 
reported  that  the  reversal  of  bias  on  a semiconductor  junction 
produced  by  applying  an  oscillatory  surge  can  have  a strong 
effect  on  the  surge  withstand  capability  of  the  device.  The  failure 
is  also  more  likely  when  polarity  reversals  are  applied  during 
conduction,  forcing  the  junction  from  a forward  bias  to  a reverse 
bias. 

This  uncontested  but  not  widely  acknowledged  finding  was 
recently  illustrated  again  by  a series  of  measurements 
performed  at  NIST  In  preparation  of  qualification  tests  for  an 
equipment  using  triacs  for  power  control.  The  test  schedule 
called  for  both  the  unidirectional  wave,  described  as 
"Combination  Wave"  [13],  and  the  100  kHz  Ring  Wave  defined 
in  several  U.S.  standards  and  under  consideration  in  1EC 
standards  in  progress  [14]. 

Figure  20  shows  one  example  of  failure  of  the  semiconductor 
occurring,  not  at  the  crest  of  the  first  part  of  the  oscillation  - 
which  would  be  the  expectation  under  a unidirectional  stress  - 
but  upon  reversal  of  the  polarity  during  a Ring  Wave  test.  This 
observation  has  rekindled  Interest  in  the  issue  and  further  tests 
are  planned  to  better  characterize  the  behavior  of  power 
semiconductors  under  ring  wave  stress. 


SURGE  IMMUNITY  SPECIFICATIONS  AND  TESTS 

The  four  Independent  experiments  cited  in  this  paper  Include 
induced  transients  and  Injected  transients,  carried  out  at 
different  times,  countries,  and  Installations.  The  results  show 
that  the  surge  environment  of  low-voltage  circuits,  for  ac  power 
systems  as  well  as  for  control  systems,  is  dominated  by  damped 
oscillations  with  a frequency  range  of  100-500  kHz. 

This  observation,  especially  for  surges  of  large  amplitude, 
should  not  be  misconstrued  as  denying  the  significance  of  other 
surge  test  stresses,  such  as  the  Electrical  Fast  Transient  [10] 
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where  the  Interference  aspects  of  the  test  are  Its  major  objective. 
Furthermore,  in  the  high-voltage  power  apparatus  domain,  the 
traditional,  "slow-rising"  1.2/50  pis  impulse  has  often  been 
complemented  by  a chopped  wave,  introducing  transition  times 
much  shorter  than  1.2 /is.  Low-voltage  equipment,  however,  Is 
generally  not  required  to  pass  a chopped-wave  test. 

On  the  other  hand,  for  a device  sensitive  to  total  energy 
deposited  In  the  device,  unidirectional  waveforms  provide  a 
suitable  stress  level.  This  three-part  stress  rang®  - fast, 
low-energy;  medium  fast,  medium-energy;  slow,  high-energy  - 
has  recently  been  emphasized  In  a revision  of  Ref  [4],  now  in 
the  final  stages  of  approval  by  the  IEEE,  where  the  range  of 
recommended  surge  tests  Includes  the  EFT,  the  100  kHz  Ring 
wave,  the  1 .2/50-8/20  pis  Combination  Wave,  a new  5 kHz  Ring 
Wave,  and  a new  unidirectional,  high-energy  1 0/1 000  pis  wave. 
The  latter  Is  similar  to  the  1 00/1 300  /is  test  under  consideration 
by  I EC  TC77  [6],  although  the  latter  may  involve  extremely  high 
energy  levels  encountered  only  under  special  circumstances 

[15],  [16]. 

Discussions  in  8EC  standard-writing  groups  produced  the 
argument  that  the  amplitude  density  spectrum  of  the  1 .2/50  pis 
Impulse  Is  so  wide  that  It  would  cover  the  spectrum  of  the 
damped  oscillatory  ring  wave.  In  fact,  the  ring  wave  shows  a 
peak  that  extends  almost  one  order  of  magnitude  higher  in 
frequency,  as  shown  In  Figure  21  [17].  Furthermore,  the 
reversal  of  polarity  effects  discussed  above  are  not  produced 
by  the  1.2/50  pis  Impulse.  In  the  IEC,  both  waveforms  are 
considered  in  the  general  overview  of  immunity  tests  [6]  and  in 
dedicated  basic  standards  [13],  [14]. 


Figure  21.  Frequency  Spectra  of  Various  Test  Surges 

Source:  Standler  [17] 


CONCLUSIONS 

1.  The  five  independent  examples  cited  in  the  paper  provide 
converging  evidence  that  there  Is  a difference  in  the 
environment  and  Its  effect  between  power  transmission 
systems,  where  the  unidirectional  test  impulse  reigns,  and  the 
low-voltage  utilization  circuits,  where  ring  waves  are  a more 
realistic  representation  of  the  stresses  encountered  by  modem 
electronic  equipment. 

2.  To  evaluate  withstand  capability  of  bulk  solid  Insulation,  It  may 
be  stressed  adequately  by  unidirectional  Impulses.  However, 
more  complex  devices  such  as  windings  or  semiconductors 
may  exhibit  failure  modes  that  will  be  more  prevalent  under  ring 
wave  test  conditions. 


3.  The  two  basic  surge  waveforms,  the  Combination  as  well  as 
the  Ring  Wave,  should  be  taken  into  consideration  for  damaging 
as  well  as  upsetting  disturbances.  Depending  on  the  nature  of 
the  equipment,  Its  characteristics,  and  installation  type,  one 
waveform  may  be  preferred  to  the  other.  The  choice  is  the 
responsibility  of  relevant  product  committees,  best  qualified  for 
assessing  the  exposure  of  their  equipment,  on  the  basis  of  a 
comprehensive  menu  of  real,  realistic  waveforms. 
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Significance: 

Part  2 Development  of  standards  - Reality  checks 
Demonstration  ad  absurdum: 

Accepting  the  premise  of  prevalent  100/1300  high-energy  surges  and  modeling  the  response  of  typical  metal-oxide 
varistors  leads  to  the  conclusion  that  most  of  the  billions  of  varistors  in  service  should  fail  at  alarming  rates  - but 
we  know  they  do  not.  Ergo,  the  premise  is  not  valid. 

(See  also  paper  “VDE  0160"  in  this  Part  2 for  an  experimental  demonstration.) 
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INCOMPATIBILITY  BETWEEN  THE  100/1300  SURGE  TEST 
AND  VARISTOR  FAILURE  RATES 

Charles  Fenimore  and  Francois  D.  Martzloff 
National  Institute  of  Standards  and  Technology 
Gaithersburg,  MD  USA 


Abstract  - A proposed  high-energy  surge  test  fea- 
turing a 100/1300  /is  waveform  and  a peak  voltage  of 
2.3  times  the  peak  voltage  of  the  low-frequency  mains 
is  under  consideration  by  the  IEC.  The  energy  stor- 
age capacitor  suggested  for  the  surge  generator,  orig- 
inally specified  as  high  as  25  000  /zF , has  been  scaled 
down  but  is  still  at  a level  of  several  thousand  micro- 
farads. To  determine  the  energy  dissipated  in  vari- 
ous surge  tests,  numerical  integratation  is  applied  to 
a simple  but  realistic  mathematical  model  of  a test 
circuit.  The  energy  that  would  be  deposited  into  a 
varistor  of  the  voltage  rating  commonly  used  in  pro- 
tecting load  equipment,  if  subjected  to  this  test,  far 
exceeds  the  capability  of  the  varistor,  but  reported 
varistor  failure  rates  do  not  reflect  such  a situation. 
Thus,  a re-examination  of  the  premises  that  led  to 
the  100/1300  /zs  test  specifications  appears  necessary. 

INTRODUCTION 

The  IEC  Technical  Committee  TC77  is  considering  a 
surge  test  requirement  based  on  the  scenario  of  current- 
limiting  fuses  clearing  a fault  at  the  end  of  a cable, 
where  the  energy  trapped  in  the  system  inductance 
causes  a large  transient  at  the  time  the  fuse  interrupts 
the  current  [1].  That  scenario  was  first  described  and 
quantified  by  Meissen  [2],  and  incorporated  in  Ger- 
man Standard  VDE  0160  [3].  However,  there  seems 
to  be  an  inconsistency  between  the  predictable  failure 
of  varistors  that  would  be  subjected  to  this  test,  and 
the  reported  failure  rate  of  varistors,  considering  that 
several  hundred  million  of  these  varistors  are  currently 
connected  across  the  mains  in  a wide  variety  of  load 
equipment. 

Accepting  the  premises  that  led  to  the  specification  of 
this  test,  the  authors  developed  a simple  circuit  model 
that  produces  the  specified  waveform,  with  tin  energy 
storage  capacitor  having  the  value  specified  in  the  cur- 
rent amendment  to  VDE  0160  [4].  Applying  the  surge 
available  at  the  output  of  the  circuit  model  to  varis- 
tors of  the  ratings  commonly  used  in  load  equipment 
results  in  an  amount  of  energy  deposited  in  the  varis- 
tor that  exceeds  by  far  the  capability  of  the  varistor. 


If  the  scenario  of  fault-clearing  by  fuses  occurs  at  a fre- 
quency such  that  a universal  test  should  be  required 
to  simulate  its  effect  on  all  equipment,  then  one  would 
expect  a substantial  failure  rate  among  the  varistors 
incorporated  in  equipment  in  actual  service.  This  ex- 
pectation follows  from  the  computations  which  show 
that  typical  varistors  used  in  mains-connected  equip- 
ment cannot  survive  such  a test.  While  equipment 
failure  rates  are  not  widely  published,  anecdotal  in- 
formation and  the  sharing  of  field  experience  in  the 
engineering  community  do  not  support  the  existence 
of  a large  failure  rate  attributable  to  that  scenario. 
Therefore,  the  authors  suggest  that  the  premises  that 
led  to  the  specification  of  the  test,  the  consequences  of 
the  test  on  in-service  varistors,  and  the  actual  failure 
rates  of  these  varistors  should  be  examined  to  resolve 
the  apparent  inconsistency. 

THREE  FORMS  OF  THE  100/1300  TEST 
SPECIFICATION  AND 
VARISTOR  RATINGS 

Figure  1 shows  the  parameters  of  the  100/1300  /zs 
surge  described  in  Ref  [1].  The  voltage  level  is  speci- 
fied as  2.3  x Upk,  the  peak  of  the  mains  voltage.  How- 
ever, under  the  clause  addressing  the  test  generator 
specification,  one  finds  the  interim  statement  ‘Under 
Consideration’.  The  VDE  0160  documents  do  not  in- 
clude specifications  for  the  test  circuit,  but  leave  the 
circuit  design  to  private  industry  [5].  Referring  to 
working  documents  and  the  original  and  later  amend- 
ments of  VDE  0160,  the  test  circuit  essentially  con- 
sists of  an  energy  storage  capacitor  up  to  25  000  /zF 
discharged  into  the  equipment  under  test. 

A subsequent  VDE  amendment  shows  a table  of  ca- 
pacitance values  ranging  from  700  /zF  for  660  V rms 
mains  to  6000 /zF  for  220  V rms  mains.  According 
to  the  amendement,  the  capacitor  charging  voltage 
may  be  set  at  one  of  two  levels,  respectively  2.3  x and 
2 x Upk,  the  peak  of  the  mains  voltage.  Furthermore, 
two  durations  are  also  stated,  the  original  1300  /zs  and 
one  reduced  to  400  /zs. 


60 


-526- 


Figure  1.  Parameters  of  the  lQQ/13O0ps  surge  test 
waveform  from  VDE  0160  [3]. 


Test  Pleasuring  instrument 

equipment  e.g.  oscilloscope 


Figure  2.  Schematic  test  circuit  for  the  100/1300/is 
surge  test  waveform  from  VDE  0160  [3]. 


For  the  sake  of  exploring  the  implications,  the  au- 
thors accept  the  100/1300  ps  at  2.3  x Upk  proposal 
and  will  develop  conclusions  on  varistor  performance 
under  this  proposed  test,  the  more  severe  of  the  two 
levels  and  two  durations.  However,  an  ambiguity  ex- 
ists on  the  test  procedure.  Two  different  interpreta- 
tions of  the  VDE  0160  text  can  lead  to  different  test 
procedures:  providing  a fixed  charging  voltage  for  the 
energy  storage  capacitor  or  re-adjusting  the  voltage 
after  connecting  the  test  specimen. 

These  two  different  interpretations  result  in  two  ap- 
proaches with  two  sets  of  different  values  for  the  model 
parameters.  A first  method,  based  on  using  fixed 
charging  voltage,  is  the  approach  generally  used  in 
surge  testing  [6],  [7],  often  described  as  “let  it  rip.” 
However,  the  VDE  0160  standard  contains  a sentence 
that  reads:  “The  test  apparatus  is  used  to  generate 
the  test  voltage  impulse  between  the  terminals  of  the 
test  specimen  while  it  is  operating.”  This  statement 
would  suggest  a second  method,  that  is,  adjust  the 
charging  voltage  with  the  test  specimen  connected. 
The  implications  of  the  two  interpretations  will  be 
shown  below. 

A further  statement  reads  under  certain  condi- 
tions, the  required  half-peak  duration  of  the  pulse  of 
1.3  ms  cannot  then  be  reached.  In  this  case  it  shall  be 
ensured  that  not  less  than  80%  of  the  energy  stored  in 
the  test  device  is  supplied  to  the  sample.”  A simple 
capacitor  discharge  circuit,  as  implied  by  Figure  14  of 
VDE  0160,  reproduced  here  as  Figure  2,  will  require 
a parallel  resistance  to  pull  the  voltage  of  the  6000  pF 
capacitor  down  to  half- value  in  1.3  ms.  The  surge  gen- 
erator shown  as  “Test  Equipment”  in  Figure  2 does 
not  explicitly  include  such  a resistance.  Such  a resis- 
tor will  drain  enough  energy  from  the  capacitor  that 
it  is  not  clear  how  80%  of  the  capacitor  energy  will  be 
left  for  the  sample.  Thus,  the  computations  presented 
here  include  three  approaches: 

1.  Fixed  initial  charging  voltage  (“let  it  rip”) 

2.  Fixe'd  peak  surge  voltage  (readjust  initial  voltage) 

3.  Expend  80%  of  the  capacitor  energy  into  the  test 
specimen. 


Metal-oxide  varistors  offered  by  manufacturers  include 
ratings  of  130  V rms  for  applications  in  120  V sys- 
tems and  250  V rms  for  application  in  220  V systems. 
The  motivation  for  using  these  varistor  ratings  in  elec- 
tronic equipment  is,  of  course,  the  desire  to  provide 
the  lowest  possible  clamping  voltage  to  protect  sensi- 
tive equipment  [8].  Therefore,  the  model  developed  in 
this  paper  is  applied  to  a 220  V system  and  a 250  V 
varistor.  For  these  values,  the  peak  surge  voltage  is 
220  x 1.41  x 2.3  = 715  V,  and  the  varistor  voltage  (at 
1 A)  is  485  V. 


ENERGY  DEPOSITION  IN  VARISTORS 
FOR  THREE  TEST  CRITERIA 

A simple,  but  realistic  model  of  a capacitor  discharge 
through  a wave- shaping  circuit  can  produce  the  speci- 
fied surge  rise  and  duration  of  100/1300  ps.  Referring 
to  Figure  1,  this  1300ps  half-maximum  is  that  of  the 
surge,  which  is  superimposed  on  the  mains  sine  wave. 
Thus,  the  surge  duration  of  1300  ps  corresponds  to  the 
level  of  Upt  + j(1.3  x t/pfc),  that  is  1.65  x Upk. 

Figure  3 shows  a simple  test  circuit  which  is  the  ba- 
sis for  the  mathematical  model.  Without  the  metal 
oxide  varistor  (MOV)  in  place,  the  circuit  is  config- 
ured for  the  open-circuit  discharge  test  of  a model 
test  generator.  Using  circuit  component  values  of 
C = 6000  pF,  L = 25  pH,  and  R,  = Rp  = 0.27  fi, 
the  open-circuit  voltage  response  is  generated  numer- 
ically and  is  shown  in  Figure  4. 
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C Rp 


I 


MOV 


Figure  3.  Schematic  test  circuit  for  the  100/1300ps 
surge  test  waveform  used  for  the  mathematical  model. 
(The  open-circuit  test  is  performed  without  the 
MOV.) 
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Figure  4.  Plot  of  the  open  circuit  voltage  wave- 
form obtained  by  discharging  the  capacitor  in  Figure 
3 without  the  varistor  in  place. 

The  basic  model  is  then  modified  by  placing  the  varis- 
tor across  the  open-circuit  terminals  of  the  circuit  in 
Figure  3.  The  non-linear  I-V  character  of  the  MOV  is 
expressed  by  the  ‘equation  of  state’: 


dq 

dt 


(4) 


dim 

dt 


Rgl  vm 


C 


(5) 


dCfn 


where 


di 

dim 


l + ~ + 


1/p-l 


Rp  pRp 


(6) 

(7) 


The  non-linear  system  (4-5)  is  equivalent  to  a second 
order  equation  for  im.  The  initial  conditions  for  im 
and  em  are  zero,  while  g(0)  is  chosen  to  generate  the 
maximum  voltage  required  by  the  test  as  specified  be- 
low. The  solution  of  the  system  is  computed  using  a 
general  purpose  ordinary  differential  equation  solver, 
PLOD,  which  permits  a variable  time-step  size  and 
handles  stiff  systems  (those  with  widely  differing  time 
constants)  [10]. 


1.  Results  with  fixed  initial  charging  voltage 


(i  \1/p 

Vm  = A + Rmim  (1) 

in  which  im  is  the  current  through  and  v„,  is  the  volt- 
age across  the  MOV.  This  equation  is  a two-term  re- 
duction of  the  full  five-term  model  for  a varistor  [9]. 
It  is  appropriate  to  the  slow  waveforms  in  this  surge 
testing  environment.  The  unit  current,  it,  should  be 
chosen  to  be  characteristic  of  the  problem.  In  the 
present  application,  it  = 1 A.  Where  doing  so  causes 
no  ambiguity,  we  have  suppressed  the  current  unit, 
it,  in  the  analysis.  Rm  is  the  series  resistance  of  the 
MOV,  in  the  examples  used  here,  0.120.  The  volt- 
age threshold  for  the  MOV,  A,  has  a nominal  value  of 
485  V.  The  exponent,  p,  is  nondimensional  and  in  the 
present  calculation  has  been  given  the  typical  value  of 
31  [9], 

The  circuit  model  is  formulated  to  produce  a system 
of  differential  equations  which  are  solved  for  q , the 
stored  charge  on  the  capacitor,  im,  and  em,  the  energy 
deposited  in  the  varistor.  The  voltage  drops  around 
the  circuit  must  satisfy 

vl  + vr.  + Vm  + vc  = 0 (2) 

which  yields 

+ vm  + ^ = 0 (3) 

It  is  possible  to  express  (2)  as  a differential  equation  in 
im  because  vm  is  a function  of  tm  and  Kirchoff’s  Law 
implies  that  i is  a function  of  im,  i = im+vm/ Rp.  The 
evolution  equations  for  q,  im,  and  em  are  thus: 


Figure  5 shows  the  voltage,  t>m,  and  current,  im,  wave- 
forms at  the  varistor  under  the  iet-it-rip’mode,  a pro- 
cedure under  which  the  open-circuit  voltage  of  the 
generator  is  preset  and  no  adjustment  is  made  after 
connecting  the  test  specimen.  The  desired  waveform 
is  generated  with  q(0)  = 9 C.  Note  that  the  addi- 
tional path  in  the  circuit  with  the  varistor  in  place 
reduces  the  peak  voltage  below  that  for  the  open- 
circuit  test,  from  715  V to  680  V.  Figure  6 displays 
the  time-resolved  deposition  of  energy  in  the  varistor, 
and  compares  it  to  the  allowable  energy  deposition. 


TIME  (ms) 

Figure  5.  Plot  of  the  current  and  voltage  wave- 
forms at  the  varistor  with  charge  g(0)  = 9 C and  with 
A = 485V. 
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ENERGY  (J) 


Figure  6.  Energy  waveforms  at  a fixed  charge, 
g(0)  = 9C,  for  dissipation  in  the  MOV  at  three  ratings 
of  the  varistor,  A = 435V,  485V,  and  535V. 


The  three  energy  curves  correspond  to  three  values 
of  the  parameter  A,  the  voltage  rating  of  the  MOV. 
The  values  are  A = 435  V,  485  V,  535  V,  which  are  the 
lowest,  mid,  and  highest  values  for  acceptable  ratings 
from  the  manufacturer  (a  ±10%  band  about  the  nom- 
inal value  of  a varistor  rated  at  250  V).  The  typical  en- 
ergy rating  for  a 20-mm,  250-V  varistor  is  130  joules. 
Denoting  by  em(f,  A)  the  energy  as  a function  of  time 
and  of  voltage  rating,  the  total  amount  of  energy  de- 
posited by  the  pulses,  em(oo,  A),  is  displayed  in  Ta- 
ble 1.  Only  the  highest  voltage  rating  survives.  This 
fundamental  model  suggests  a gross  inconsistency  be- 
tween the  failure  rate  that  the  test  would  produce 
and  the  available  information  on  actual  failures  of  in- 
service  varistors.  The  Appendix  confirms  these  con- 
clusions based  on  an  analytical,  inductance- free  model 
for  the  test  circuit. 

TABLE  1 

Energy  deposited  in  a 20-mm  dia,  250-V  MOV 
as  a function  of  tolerance  on  voltage  rating, 
at  fixed  initial  voltage  ("let  it  rip") 


Voltage  tolerance  (%) 

-10 

0 

+ 10 

Varistor  voltage  x (V) 

435 

485 

535 

Energy  em  (°°.  A)  (J) 

257 

152 

74 

Peak  vm  (V) 

615 

645 

673 

2.  Results  with  readjusted  charging  voltage 

The  authors  note  that  VDE-0160  is  not  unambiguous 
on  the  character  of  the  test  procedure.  The  standard 
may  be  construed  to  require  that  the  voltage  maxi- 


mum with  the  MOV  in  the  circuit  remain  2.3  x Upu, 
rather  than  accept  whatever  value  will  occur  under 
the  ‘let-it-rip’  mode.  Under  this  interpretation,  the 
charging  voltage  of  the  generator  must  be  increased  to 
obtain  the  required  level;  additional  energy  is  stored  in 
the  capacitor  and  destruction  of  the  MOV  is  assured 
at  all  permissible  tolerances,  Figure  7.  Thus,  for  the 
three  values  of  the  voltage  tolerances  given  above  the 
initial  charges  on  the  capacitor,  g(t,  A)  to  reach  the 
voltage  maximum,  715  V,  and  the  energy  deposited 
are  displayed  in  Table  2.  In  each  case,  the  energy 
rating  of  the  MOV,  130  J,  is  exceded  substantially. 

ENERGY  (J) 


Figure  7.  Energy  waveforms  with  the  peak  voltage 
fixed,  Vmax  =715V.  The  energy  dissipated  in  the  MOV 
is  shown  at  three  ratings  of  the  varistor, 

A = 435V,  485V,  and  535V. 

TABLE  2 

Energy  deposited  in  a 20-mm  dia,  250-V  MOV 
as  a function  of  tolerance  on  voltage  rating, 
at  fixed  (readjusted)  peak  voltage 


Voltage  tolerance  (%) 

-10 

0 

+ 10 

Varistor  voltage  x (V) 

435 

485 

535 

Energy  em  (»,  x)  (J) 

839 

459 

192 

Initial  charge  <?(0)  (C) 

11 

10.75 

10 

3.  Expend  80%  of  capacitor  energy  in  specimen 

An  alternate  criterion  suggested  by  VDE  0160  is  that 
80%  of  the  capacitor  energy  be  dissipated  in  the  MOV. 
For  the  simple  circuit  on  which  the  present  model 
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is  based,  a ready  calculation  using  the  capacitively 
stored  energy,  g2/2C  (of  order  5000  J),  shows  that 
no  more  than  10%  of  the  stored  energy  is  spent  in 
the  MOV  in  the  simulations  according  to  the  two  ap- 
proaches discussed  above.  Yet,  these  two  tests  are 
already  destructive  of  the  device.  It  seems  likely  that 
a test  that  would  meet  the  80%  criterion  would  pro- 
vide an  even  more  severe  stress  to  the  equipment,  and 
provide  a greater  disparity  between  the  model  results 
and  field  experience. 

Thus,  the  authors  suggest  that  a reexamination  of  the 
premises  that  led  to  the  VDE  0160  Standard  should 
be  considered  before  incorporating  a blanket  require- 
ment for  such  a test  into  new  IEC  surge  immunity 
standards.  The  authors  plan  to  perform  actual  tests 
on  typical  varistors  to  further  support  the  computa- 
tions presented  in  this  paper. 

CONCLUSIONS 

1.  A mathematical  and  derived  computational  model 
has  been  presented  which  permits  the  evaluation  of 
many  aspects  of  varistor  performance  over  a range  of 
conditions  which  are  characteristic  of  the  actual  oper- 
ating environment  and  also  of  the  test  environment 
contemplated  by  VDE  0160  and  other  surge  stan- 
dards. 

2.  Computer  model  predictions  of  the  impact  of  the 
proposed  100/1300 /rs  surge  test  on  the  millions  of 
varistors  in  service  shows  that  these  varistors  should 
experience  a greater  failure  rate  than  indicated  by 
available  information  on  actual  failures.  The  simpli- 
fied inductance-free  model  provides  analytical  confir- 
mation of  this  result.  This  inconsistency  raises  serious 
questions  on  the  proposed  requirement  of  such  a se- 
vere test  to  a wide  range  of  equipment. 

3.  The  lingering  ambiguity  on  setting  a constant  open- 
circuit  voltage  or  adjusting  the  voltage  while  the  spec- 
imen is  connected  needs  to  be  clarified.  A constant 
open-circuit  voltage  is  the  generally  accepted  prac- 
tice in  surge  testing.  The  premises  that  led  to  this 
new  surge  test  may  justify  adjusting  the  charging  volt- 
age after  the  test  specimen  has  been  connected  to  the 
surge  generator;  that  adjustment,  however,  results  in 
larger  amounts  of  energy  being  dissipated  in  surge  pro- 
tective devices,  making  the  apparent  incompatibility 
identified  above  even  greater. 

4.  The  criterion  that  80%  of  the  capacitive  energy 
must  be  transferred  to  the  test  specimen  may  be  dif- 
ficult to  satisfy  and  needs  clarification.  The  authors 
have  been  unable  to  identify  a simple  circuit  which 
satisfies  the  criterion  while  maintaining  the  required 
rate  of  decay  under  open  circuit  conditions. 
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5.  While  the  authors  do  not  question  the  validity  of 
the  fuse-blowing  scenario,  they  recommend  a critical 
review  of  the  statistics  of  the  occurrence  of  fuse  blow- 
ing, of  the  use  of  varistors  with  low  clamping  volt- 
age, and  of  the  distribution  of  actual  clamping  volt- 
age within  manufacturing  tolerances.  The  sensitivity 
model  developed  in  this  paper  may  be  a useful  tool 
in  evaluating  the  effect  of  these  tolerances.  The  au- 
thors also  urge  all  users  to  share  information  on  the 
observed  failure  rates,  as  well  as  to  perform  validat- 
ing tests,  in  order  to  provide  a broader  perspective  on 
these  issues. 
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APPENDXX  - SENSITIVITY  OF  em(A) 

The  sensitivity  of  the  energy  deposited  in  the  varistor, 
em(oo,  A),  to  changes  in  the  voltage  rating  of  the  MOV 
is  given  by 

dem(oo,  A) 
dX 

This  quantity  can  be  determined  by  numerically  in- 
tegrating the  model  (4-7).  However,  this  sensitivity 
can  also  be  analyzed  in  dosed  form  by  considering  the 
inductance-free,  ( L — 0),  version  of  the  model  (Eq.  2 
or  3).  In  this  case,  an  algebraic  expression  for  the  sen- 
sitivity can  be  derived.  It  is  shown  to  be  accurate  to 
within  15%  over  a significant  range  of  values  of  A. 

The  sensitivity  of  the  energy  dissipated  in  the  MOV 
to  changes  in  A is  most  easily  expressed  in  terms  of  the 
initial  current  through  the  varistor  and  the  sensitivity 
of  that  current  to  changes  in  A.  In  the  inductance- 
free  case,  the  initial  conditions  must  be  reformulated 
so  that  tTO(0)  is  non-zero.  When  the  initial  data  is 
the  capacitor  charge,  §(Q),  as  was  the  case  with  the 
inductive  model,  it  is  possible  to  find  im(Q)  by  finding 
the  root  of  the  non-linear  expression  given  by: 

F(*m>A)  = (IM1  + I1)  + R.)im 

tip 

+ + (8) 


= 0 (9) 

which  is  a direct  translation  of  (3)  in  the  case  that 

1 = 0. 


This  equation  can  be  solved  for  sTO(0)  using  a few  iter- 
ations of  Newton’s  (gradient)  method.  Furthermore, 
the  sensitivity  of  im  to  changes  in  A is  given  by: 


dlrn  = _0F  /dF_ 
dX  dX  / dim 


(10) 


= -it  ^ 


Rjn  + 


R,Rp 

Ra  + Rp 


-il/p 

Pm 


r 


(ii) 


To  find  the  energy  deposited  in  the  MOV,  first  con- 
sider the  evolution  of  the  varistor  current,  tm.  This 
time  evolution  is  given  by  differentiating  equation  (3) 
and  applying  (1)  and  (6): 


dVm  _ i_ 

‘ dt  dt  ~ c 


or  (12) 


(R» 


di  - h (13> 


di 


This  equation  is  separable,  that  is  it  has  the  form 


dt  = G(im)dim, 


Evaluating  G(im)  and  reducing  one  has 

G(i„)-=  + p) 

i aim  dim 

_ g{RaRp  + ReRrn  + RpRm)im  + ( R»  + Rp)iU[PX/p 

(Rp  + Rm)im  + A imP 


As  a result  of  separability,  the  energy  may  be  written 
as  a time-independent  integral  in  which  A appears  as 
a parameter: 


em(oo,  A) 


i im  dt 


r+ 

Jo 
[° 

! vmimG(im)dim. 

Jim(  o> 


(14) 

(15) 


Xi^P+Rmim  ^ 

XA i''P  d-  (Rm  + Rp)im  *' 


(16) 


where 


H = R'RpRm 


E = *;+ 


and 

1 


Rp  Rn 


Expansion  in  A about  the  nominal  voltage  threshold 
for  the  varistor,  that  is  in  powers  of  AA  where  A = 
Xnom  + AA,  gives  the  leading  term  for  the  sensitivity 
of  em  to  changes  in  A: 


dem( oo,  X)  ^ ( 1 1 1 \ dim 

i A - CR-R'R”  (T.  + Tp  + R^J  ~dX 

(17) 

The  sensitivity  (17)  may  be  evaluated  algebraically 
once  im  is  known  from  solving  (8-9).  A comparison 
with  the  inductive  model  is  displayed  in  Figure  8. 
The  curve  shows  numerically  determined  values  of 
em(A)  for  the  inductive  model  in  ‘let-it-rip’  mode.  The 
straight  line  has  a slope  determined  by  evaluating  ex- 
pression (17).  The  same  expression  may  be  used  with- 
out recomputing  the  initial  current  in  the  case  that  the 
voltage,  and  hence  the  current,  is  adjusted  to  a fixed 
value. 


LAMBDA  (V) 


Figure  8.  The  energy  dissipated  in  the  MOV  is  dis- 
played as  a function  of  varistor  rating,  A = 435  to 
535  V.  The  straight  line  has  a slope  determined  by 
Equation  (17). 


In  either  case,  the  sensitivity  of  im  to  changes  in  A 
is  small  because  i\lp  in  expression  (11)  depends  so 
weakly  on  im.  This  may  explain  why,  even  though  it 
is  derived  from  the  non-inductive  model,  this  estimate 
of  the  sensitivity  of  the  varistor  energy  deposition  is 
so  accurate. 
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Significance: 

Part  2 Development  of  standard  - Reality  checks 
Demonstration  ad  absurdum: 

Accepting  the  premise  of  prevalent  100/1300  high-energy  surges  and  subjecting  typical  metal-oxide  varistors  to  the 
stress  from  a test  performed  with  a prototype  generator  leads  to  the  conclusion  that  most  of  the  billions  of  varistors 
in  service  should  fail  at  alarming  rates  - but  we  know  they  do  not.  Ergo,  the  premise  is  not  valid. 

(See  also  paper  “Validating  Surge  Tests  ..."  in  this  Part  2 for  a demonstration  by  numerical  modeling.) 
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Testing  Varistors  Against  the  VDE  0160  Standard 

Fran?ois  D.  Martzloff 

National  Institute  of  Standards  and  Technology 


Abstract  — High-energy  surge  tests  have  been  performed  on  metal-oxide  varistors  of  a type  in  common  use,  according  to 
a proposed  IEC  standard  derived  from  German  Standard  VDE  0160.  The  surge  generator  used  for  the  test  was  a prototype 
commercial  device  developed  especially  to  deliver  the  100/1300  ps  waveform  specified  by  VDE  Standard  0160.  Depending 
on  the  position  of  the  varistor  within  its  manufacturing  tolerance  band,  failure  or  degradation  can  occur,  validating  the 
concern  that  this  test  requirement  may  be  too  severe  for  universal  application. 


INTRODUCTION 

Concerns  over  the  occurrence  of  high-energy  surges  associated  with  current-limiting  fuse  operation  (Meissen, 
1983  [1])  have  led  the  German  standards  organization  (VDE)  to  specify  a high-energy  surge  test  to  be  applied 
to  electronic  equipment  installed  in  industrial  environments  (VDE  0160,  1988  [2]).  Essentially,  the  test 
requires  discharging  into  the  ac  line  interface  of  the  equipment  under  test  (EUT)  a capacitor  of  such  capacity 
that  the  specified  waveform  is  generated,  initially  charged  at  a voltage  suitable  for  producing  a peak  of  2.3  times 
the  power-system  sine-wave  peak  (Figure  1).  Technical  Committee  77  of  the  IEC  has  included  this  test  in  its 
menu  of  surge  immunity  tests  (TC77BAVG3,  1990  [3]),  without  limiting  the  scope  of  application  to  industrial 
environments  intended  by  the  Meissen  paper.  Thus,  this  test  is  likely  to  become  a general  requirement  imposed 
on  commercial  and  consumer  equipment,  unless  its  implications  are  recognized.  In  the  absence  of  a readily 
available  surge  generator,  computer  modeling  of  the  test  had  previously  been  performed  (Fenimore  & Martzloff, 
1990  [4],  1991  [5]).  The  findings  of  these  simulations  have  shown  that  typical  varistors,  of  which  many 
millions  have  been  installed  and  continue  to  operate  satisfactorily,  cannot  survive  the  proposed  IEC/VDE  test 
because  excessive  energy  would  be  deposited  in  these  varistors  during  the  surge.  The  recent  availability  of  a 
prototype  surge  generator  made  it  possible  to  subject  typical  varistors  to  the  VDE/IEC  surge,  as  reported  in  this 
paper. 


TESTING  VARISTORS  WITH  HIGH-ENERGY  SURGES 

Schaffner*,  a manufacturer  of  surge  generators,  has  now  developed  a prototype  that  can  produce  the  VDE  0160 
surge;  in  response  to  an  invitation  to  try  out  this  prototype,  an  informal  work  session  was  conducted  at  the 
Schaffner  facility  to  subject  typical  varistors  to  the  VDE  0160  surge.  The  generator  includes  the  specified 
capacitor,  up  to  6000  ftF,  the  necessary  dc  supply  to  charge  the  capacitor,  a 220-V  ac  supply  (for  European 
environments),  and  suitable  means  to  decouple  the  test  specimen  circuit  from  the  laboratory  ac  system.  Details 
of  the  circuits  are  still  proprietary,  and  only  the  output  of  the  generator  is  described  in  this  paper.  A 
chronological  recitation  of  the  work  session  would  require  first  a discussion  of  the  various  considerations  and 
conditions  of  the  test.  Recognizing  the  natural  curiosity  of  the  readers,  let  it  be  stated  here  that  one  varistor 
was  destroyed  during  the  test,  and  the  other  (barely)  survived,  consistent  with  the  predictions  of  the  computer 
modeling.  Having  thus  given  away  the  outcome,  let  us  now  proceed  with  the  detailed  recitation  of  these 
considerations  and  conditions. 


* As  a policy,  the  National  Institute  of  Standards  and  Technology  disclaims  any  implied  endorsement  of  a commercial  product  when 
identifying  such  products  for  the  sole  purpose  of  adequately  describing  the  equipment  used  in  the  experiment.  In  this  particular  case, 
the  prototype  generator  used  in  the  tests  was  the  only  one  known  to  be  available.  Furthermore,  there  is  no  certainty  that  Schaffner  will 
offer  a commercial  product  based  on  this  prototype. 
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Voltage  across  the  test  specimen  and  current  delivered  by  the  surge  generator  were  recorded  with  the 
instrumentation  available  at  the  Schafftier  engineering  demonstration  facility.  The  software  package  included 
in  the  digital  storage  oscilloscope  did  not  have  the  capability  of  computing  the  power  (/'  x v)  dissipated  in  the 
varistor  and  integrating  it  into  total  energy  deposited.  Manual  integration  of  the  recorded  traces  was  performed 
after  the  tests.  This  computation  yields  results  of  sufficient  magnitude  (that  is,  large  overstress  of  the  varistor) 
to  make  precise  computing  unnecessary  in  evaluating  the  outcome  of  the  test. 

The  test  specimens  (EUT)  were  20-mnm  diameter  varistors,  consisting  of  two  130-V  rms  rated  devices  connected 
in  series,  a good  approximation  of  the  practice  of  applying  250-V  rated  varistors  in  the  220-V  equipment  used 
in  Europe  (Martzloff  and  Leedy,  1989  [6]).  The  nominal  voltage,  Vnom,  of  each  varistor  (voltage  measured 
with  0.5  mA  or  1 mA  dc  injected  in  the  varistor)  was  determined  before  the  test  for  each  device.  One  varistor 
pair  (referred  to  as  EUT  #1)  had  a nominal  voltage  of  392.6  V,  the  other  pair  (EUT  #2),  399.5  V.  The 
nominal  voltage  for  a 250-V  rms  varistor  is  390  V,  the  minimum  354  V,  and  the  maximum  429  V (Harris 
Manual,  1990  [7]).  Thus,  EUT  #1  is  situated  at  1%  above  the  nominal  value  of  a 250-V  rated  varistor,  while 
E~  T #2  is  at  2.5%  above  the  nominal  value. 

To  test  the  varistors  under  the  worst  case  condition  (that  is,  the  varistor  at  10%  below  nominal,  thus  drawing 
energy  from  the  generator  for  a longer  portion  of  the  surge  waveform),  the  test  voltage  should  be  raised  above 
the  voltage  specified  for  nominal  test  conditions.  To  place  the  varistor  under  conditions  equivalent  to  those 
prevailing  for  a -10%  specimen,  a varistor  at  some  tolerance  level  must  be  subjected  to  the  same  current  as  that 
occurring  for  a -10%  varistor  at  the  nominal  test  voltage.  With  the  nominal  VDE  0160  test  voltage  of  2.3  times 
the  220-V  peak  (714  V),  the  available  EUT  varistor  specimen  can  be  tested  in  a manner  equivalent  to  a -10% 
tolerance  varistor  by  raising  the  test  voltage. 

For  EUT  #1  which  is  1%  above  the  Vnom  of  a 250-V  rated  varistor,  the  test  voltage  should  be  10%  higher  than 
the  nominal  714-V  peak,  plus  1%,  that  is,  792  V.  For  EUT  #2,  2.5%  above  the  Vnom,  the  test  voltage  should 
be  12.5%  higher,  803  V.  This  increased  test  voltage  will  place  the  varistor  at  the  correct  value  of  current  on 
its  1-V  characteristic,  but  raises  the  power  dissipated  in  the  varistor  by  the  same  percentage.  Thus,  the  energy 
deposition  in  varistors  other  than  -10%  tested  under  the  artificially  raised  test  voltage  received  1 1 % or  12.5% 
more  energy  than  what  a varistor  at  -10%  would  have  received.  However,  considering  the  energy  levels 
observed  in  the  tests  reported  below  (about  200%  of  rated  levels,  this  11-12.5%  excess  does  not  affect  the 
conclusions.  The  significant  parameter  to  be  observed  is  the  current  level,  and  that  correct  level  was  indeed 
achieved  by  raising  the  test  voltage. 

The  VDE  0160  document  states  that  the  specified  surge  test  voltage  should  be  maintained  across  the  terminals 
of  the  EUT,  rather  than  the  usual  method  of  having  a preset  open-circuit  voltage,  and  then  connect  the  EUT 
without  changing  the  generator  setting  (the  so-called  ‘let-it-rip’  mode  [5],  and  (ANSI/IEEE  C62. 41-1987, 
[8]).  Meissen  confirmed  this  interpretation  of  the  document  [9],  so  that  the  charging  voltage  of  the 
generator  capacitor  was  increased  toward  obtaining  the  specified  voltage  with  the  EUT  connected,  using  an 
expendable  EUT  varistor  during  preliminary  tests.  However,  the  prototype  generator  output  voltage,  with 
maximum  charging  voltage  and  with  varistor  connected,  could  only  be  raised  to  774  volts  (Figure  2)  instead 
of  the  792  V or  803  V necessary  to  place  the  #1  and  #2  varistors  in  the  -10%  tolerance  situation.  Thus,  EUT 
#1  was  actually  tested  in  a condition  corresponding  to  774/792  = 98%  of  the  worst  case  level,  and  EUT  #2  at 
774/803  = 96%  of  the  worst  case  level.  In  other  words,  EUT  #1  was  tested  as  if  it  were  at  a -8%  tolerance 
level,  and  EUT  #2  at  a -6%  tolerance  level  with  respect  to  a 0%  tolerance  on  their  Vnom. 

The  manufacturer’s  specifications  [7]  show  a 70-1  single-pulse  energy  rating  for  the  130-V  varistor,  or  140  J 
for  two  in  series.  Figure  3,  from  Ref  [5],  shows  the  predicted  energy  deposition  as  a function  of  the  varistor 
position  in  its  tolerance  band,  for  the  test  condition  where  the  voltage  is  maintained  across  the  EUT  by 
readjusting  the  surge  generator  charging  voltage. 
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The  VDE  0160  document  shows  an  elementary  circuit  diagram  (Figure  4)  with  a maximum  of  5 m of  leads 
between  the  input  port  of  the  test  specimen  and  the  point  of  injection  of  the  surge.  Accordingly,  the  test  circuit 
set  up  by  Schaffner  included  approximately  5 m of  leads  "suitable  for  a 16  A load"  between  the  varistor  and 
the  output  of  the  generator.  Thus,  the  impedance  presented  by  the  test  specimen  to  the  applied  VDE  0160  surge 
includes  a resistance  that  will  reduce  the  stress  of  the  varistor;  however,  this  reduction  is  not  readily  recognized 
by  the  simple  mention  in  the  figure  of  a 5-m  maximum  lead  length,  and  the  cross-section  of  the  conductors  is 
not  specified.  Operators  can  interpret  the  test  procedure  in  a way  producing  maximum  stress  (a  short  lead  of 
large  cross  section)  or  a minimum  stress  (maximum  of  5 m of  leads  with  small  cross  section). 

In  accordance  with  the  interpretation  of  the  Figure  4 diagram,  the  voltage  measured  and  shown  in  Figure  2 is 
the  total  of  the  voltage  developed  across  the  varistor  and  the  lead  drop.  To  evaluate  the  implications  of  this 
interpretation,  the  next  test  was  performed,  without  changing  the  generator  setting  (at  its  maximum  available 
voltage),  with  the  voltage  measurement  made  at  the  varistor  terminals  (Figure  5).  Note  the  700-V  peak  in  this 
test,  or  a 74-V  difference  (10%)  from  the  value  recorded  in  Figure  2.  In  the  modeling  of  References  [4]  and 
[5],  the  effect  of  this  5-m  test  lead  had  not  been  included,  so  that  the  conclusions  of  the  modeling  are  more 
pessimistic  than  the  consequences  of  a test  condition  with  a lead  length  included.  Thus,  the  varistor  would  be 
under  10%  less  voltage  stress  (keep  in  mind  the  nonlinear  relationship  between  voltage  and  current)  than  the 
model  prediction,  and  possibly  could  survive. 


THE  DEATH  OF  A VARISTOR 

According  to  a subsequent  amendment  to  the  VDE  0160  test  specification,  the  maximum*  capacitor  value  and 
the  duration  of  the  surges  may  be  reduced  to  300  /is  for  equipment  installed  in  circuits  protected  by  fuses  of 
less  than  35  A continuous  rating.  This  reduction  will  provide  significant  relief  to  varistors  included  in  non- 
industrial environments.  However,  the  IEC  document  [3]  does  not  include  that  reduction.  The  test  sequence 
for  EUT  #1  included  two  surges  with  this  reduced  stress  (Figure  6),  followed  by  surges  with  the  full  6000  /iF 
capacitance  and  full  1300  /is  duration,  at  the  maximum  available  generator  voltage,  as  shown  in  Figure  2. 
Before  and  after  each  surge,  the  varistor  Vnom  was  recorded  to  track  any  shift  in  characteristics,  comparing  it 
to  the  maximum  shift  of  10%  allowed  in  the  manufacturer’s  specifications. 

The  test  sequence  and  results  for  EUT  #1  (a  specimen  in  the  -8%  tolerance  position),  starting  with  no  prior 
surges  applied,  were  the  following: 

Shot  1:  718  V crest,  400  /is  duration,  Vnom  shift  of  1%  (Figure  6) 

Shot  2:  768  V crest,  1 100  /is  duration,  Vnom  shift  of  1 % 

Shot  3:  774  V crest,  1400  /is  duration,  Vpom  shift  of  1%  (Figure  2) 

Shot  4:  Repeat,  same  settings  as  shot  3 (voltage  measured  at  varistor,  Figure  5), 

Varistor  (a)  of  pair  punctured 

Varistor  (b)  of  pair  externally  intact,  but  Vnom  = 0 (short  circuit) 

Energy  deposited  in  the  varistor;  approximately  300  J (215%  of  rating) 

The  same  test  sequence  was  then  applied  to  EUT  #2,  that  is,  first  two  shots  at  reduced  stress,  and  then  full 
stress  for  shot  3 and  four  additional  shots.  The  Vnom  shift  grew  from  1 % after  the  first  shot  to  6%  after  the  last 
shot,  as  measured  after  cooling  down  following  the  test.  By  the  time  the  author  had  returned  to  the  United 
States  (20  days  later),  the  shift  in  Vnom,  determined  by  more  systematic  measurement  at  NIST,  was  reduced  to 
4%.  The  difference  between  the  6%  immediately  after  the  test  and  the  4%  after  20  days  may  be  the  effect  of 
a slow  recovery  of  the  material,  or  a difference  in  the  precision  of  the  measurements,  or  both. 


* The  surge  duration  is  the  specified  parameter  in  the  VDE  0160  document,  therefore  the  required  value  of  the  capacitor  is 
dependent  upon  the  impedance  of  the  EUT. 
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Notwithstanding  the  shift  in  Vnom,  no  apparent  external  damage  was  visible,  except  for  some  darkening  of  the 
red  epoxy  coating.  Thus,  while  EUT  #2  did  survive  a test  corresponding  to  a -6%  tolerance  position,  the  onset 
of  permanent  change  leading  to  failure  was  observed. 

DISCUSSION  OF  THE  RESULTS 

From  the  simulation  predictions,  it  was  expected  that  the  varistors  would  be  destroyed  by  the  test,  even  though 
the  (late)  realization  of  the  stress  reduction  provided  by  the  lead  length  does  somewhat  change  the  situation. 
In  other  words,  the  10%  loss  of  voltage  caused  by  the  leads  places  the  varistors  used  in  these  tests  at 
respe;.  eiy  +2%  and  +4%  in  the  tolerance  band,  a condition  that  the  prediction  describes  as  marginal 
survive.  The  joule  rating  specified  by  the  manufacturer  tends  to  be  conservative,  so  that  it  may  take  more  than 
140  J to  destroy  a varistor.  Furthermore,  a larger  population  of  test  specimens  may  produce  a distribution  of 
more  failure  as  well  as  more  survivals  as  only  two  test  points  can  only  provide  an  indication,  not  a certainty. 
However,  the  conclusion  is  clear,  that  varistors  of  common  use  in  commercial  and  consumer  equipment  would 
be  in  severe  jeopardy  if  the  full  100/1300  ns  surge  were  applied,  even  with  the  mitigating  effect  of  the  5-m  lead 
length.  Discussing  the  test  results  with  Meissen,  we  agreed  on  the  following  conclusions: 

1.  There  is  no  disagreement  that  the  basic  phenomenon  of  fuse  blowing  can  lead  to  the  high-energy  surges 
described  by  Meissen  in  the  heavy  industrial  environment  (circuits  with  fuses  above  35  A). 

2.  The  prediction  of  varistor  failure  through  modeling  is  consistent  with  the  tests;  the  mitigating  effect  of  the 
allowable  EUT  lead  reduces  the  forecast  of  widespread  failures,  but  varistors  in  the  lower  tolerance  bands  are 
still  at  risk. 

3.  The  amendments  to  VDE  0160  providing  for  reduced  maximum  capacitance  values  (see  the  footnote  on  page 
3)  and  reduced  duration  make  the  test  more  realistic.  Further  evaluation  of  these  reduced  stress  levels  would 
show  appropriate  limits  of  application. 

4.  However,  this  stress  reduction  has  not  yet  been  acknowledged  by  the  IEC  proposals  (Figure  1,  showing  only 
one  value  of  1.3  ms  is  excerpted  from  the  IEC  document,  not  the  amended  VDE  0160  where  the  alternate 
duration  of  0.3  ms  is  shown).  This  paper  is  therefore  submitted  to  the  engineering  community  at  large  as  a 
recommendation  of  limiting  the  full  duration  of  a 1300  /is  surge  and  its  high  energy  to  the  industrial 
environment  for  which  it  was  first  proposed. 

5.  The  concept  of  readjusting  the  surge  generator  charging  voltage  to  maintain  a specified  test  voltage  across 
the  specimen  is  different  from  the  usual  practice  of  maintaining  a fixed  open-circuit  voltage  for  the  generator. 
However,  it  may  be  compared  to  the  practice  of  readjusting  the  surge  generator  used  for  surge  arrester  tests  at 
a specified  test  current  level.  As  long  as  the  implications  of  the  procedure  are  recognized,  either  method  may 
be  suitable,  if  uniformly  interpreted. 

6.  In  its  present  form,  the  VDE  0160  document  leaves  open  the  possibility  of  different  interpretations  by 
different  operators.  Should  the  principle  of  a high-energy  test  be  adopted  by  the  IEC,  more  detailed 
specifications  need  to  be  developed  and  agreed  upon  by  interested  parties. 
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Figure  1.  High-energy  waveform  specification  (From  Ref.  [3]) 


Figure  2.  Voltage  across  and  current  through  EUT  til 
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Figure  3. 

Energy  deposited  in  varistor  as  a function  of  tolerance  of  device  compared  to  nominal  value 

(From  Ref.  [5]) 
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Figure  4.  Elementary  test  circuit  diagram  (From  Ref.  [2]) 
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Figure  6.  Voltage  across  and  current  through  varistor  with  reduced  stress 
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Significance: 

Part  2 Development  of  standards  - Reality  checks 
Demonstration  ad  absurdum: 

Accepting  the  premise  of  proposed  IEC  100/1300  high-energy  surges  being  representative  of  the  environment,  and 
modeling  the  response  of  typical  metal-oxide  varistors,  leads  to  the  conclusion  that  most  of  the  billions  of  varistors 
in  service  should  fail  at  alarming  rates  - but  we  know  they  do  not.  Ergo,  the  premise  is  not  valid  and  the  proposed 
high-energy  test  should  not  be  considered  as  an  across-the-board  requirement. 

(See  also  paper  “MOV  - VDE"  in  this  Part  2 for  an  experimental  demonstration.) 

On  the  other  hand,  the  tests  proposed  in  IEEE  Std  C62.41  would  not  result  in  systematic  failure  of  commonly  used 
varistors  and  consequently  appear  more  realistic 


76 


1234 


IEEE  TRANSACTIONS  ON  INDUSTRY  APPLICATIONS,  VOL.  28,  NO.  6,  NOVEMBER  / DECEMBER  1992 


Validating  Surge  Test  Standards  by  Field 
Experience:  High-Energy  Tests  and 
Varistor  Performance 


Charles  Fenimore,  Member,  IEEE , and 


Abstract — New,  high-energy  surge  tests  are  emerging  in  IEEE 
and  IEC  standards.  Field  experience  offers  a valuable  criterion 
for  validating  or  invalidating  proposed  standards.  A proposal 
under  consideration  by  the  IEC  involves  so  much  energy  that  a 
varistor  of  the  voltage  rating  commonly  used  in  protecting  load 
equipment,  if  subjected  to  this  test,  would  almost  certainly  fail. 
Yet,  reported  varistor  failure  rates  do  not  reflect  such  a situa- 
tion. Thus,  a reexamination  of  the  premises  that  led  to  the 
proposed  test  specifications  appears  necessary.  Proposals  for 
high-energy  tests  as  additional  waveforms  in  the  new  version  of 
IEEE  C62.41,  on  the  other  hand,  lead  to  current  and  energy 
levels  that  do  not  place  typical  varistors  in  immediate  jeopardy. 
Thus,  they  appear  more  consistent  with  held  experience. 


Introduction 

A NATURAL  approach  in  defining  the  surge  tests  to 
be  performed  on  any  equipment  is  to  attempt  dupli- 
cating the  conditions  observed  in  site  measurements. 
However,  this  approach  would  lead  to  a situation  where 
general  conclusions  are  drawn  from  limited  measure- 
ments of  specific  surge  occurrences.  It  has,  in  fact,  led  to  a 
multitude  of  proposals  for  test  standards  that  may  subse- 
quently be  applied  outside  of  their  original,  correct  con- 
text because  no  other  standard  is  available  at  the  time.  An 
example  of  this  situation  may  be  developing  with  the 
proposal  by  Technical  Committee  77  of  the  International 
Electrotechnical  Commission  (IEC)  for  a high-energy 
100/ 1300- /us  surge  test. 

To  evaluate  the  effects  of  various  proposed  or  existing 
high-energy  stress  tests  on  commonly  used  varistors,  this 
paper  presents  a simple  yet  effective  model  of  a surge 
generator.  The  evaluation  proceeds  by  quantifying  the 
current  through  the  varistor  and  the  corresponding  energy 
deposited  in  the  varistor.  The  computed  results  are  com- 
pared with  the  published  device  ratings  to  predict  the 
likelihood  of  failure.  This  likelihood  is  then  compared 

Paper  IPCSD  90-40,  approved  by  the  Power  Systems  Protection  Com- 
mittee of  the  IEEE  Industry  Applications  Society  for  presentation  at  the 
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ment, and  Engineering  Center.  Manuscript  released  for  publication 
September  24,  1991. 
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with  the  available  information  from  field  experience  on 
failure  rates. 

Any  immunity  test  should  be  conducted  with  an  objec- 
tive that  is  more  subtle  than  the  goal  to  “duplicate  the 
environment.”  A test  stress  is  applied  to  a device  not  to 
demonstrate  that  it  can  survive  any  of  the  stresses  that  it 
will  encounter  in  nature  but  only  to  demonstrate  for  the 
benefit  of  both  manufacturer  and  purchaser  that  the 
device  can  survive  an  agreed-on,  simple,  and  reproducible 
stress.  From  surviving  the  test  stress,  the  inference  is 
made,  subject  to  confirmation  by  field  experience,  that  the 
device  does  have  the  ability  to  survive  the  infinite  variety 
of  stresses  that  it  will  encounter  during  its  life  in  the  real 
world.  In  other  words,  simple  test  stresses  are  useful 
because  they  can  be  reproduced  over  a period  of  time  at 
the  same  facility  and  between  facilities,  providing  a com- 
mon language  and  a standard  of  comparison  that  is  essen- 
tial to  conduct  orderly  transactions.  Test  standards  should 
not,  however,  be  misconstrued  as  representing  natural 
phenomena.  They  are  effective  only  if  they  discriminate 
between  those  devices  with  a potential  for  long  field 
survival  and  those  that  are  likely  to  fail. 

The  proposed  100/ 1300- ju.s  IEC  test  should  be  reexam- 
ined with  this  philosophy  in  mind  because  it  appears  that 
commonly  used  varistors  would  be  expected  to  fail  when 
subjected  to  this  test.  Anecdotal  experience  does  not 
support  the  prediction  of  failure  in  the  field,  raising  ques- 
tions as  to  the  general  validity  of  this  test.  On  the  other 
hand,  high-energy  tests  derived  from  new  proposals  con- 
tained in  the  revised  version  of  IEEE  Std.  C62.41  do  not 
lead  to  contradiction  between  field  experience  and  pre- 
dicted test  results. 

Proposed  IEEE  and  IEC  High-Energy  Tests 

Metal-oxide  varistors  that  suppress  surges  by  absorbing 
energy  have  proliferated  in  low-voltage  ac  power  circuits. 
Consequently,  new  high-energy  tests  have  been  proposed 
to  assess  the  ability  of  these  varistors  to  withstand  the 
corresponding  stress.  In  a major  revision  of  the  IEEE 
Guide  C62.41  [1]  (emerging  as  a Recommended  Practice 
[2]),  an  additional  waveform  has  been  proposed  to  assess 
this  ability.  The  proposal  is  a 10/1000-fis  surge,  with 
three  “system  exposure”  levels,  which  are  defined  below. 
The  IEC  Technical  Committee  TC77  is  considering  a 
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surge  test  requirement  based  on  the  scenario  of  current- 
limiting  fuses  clearing  a fault  at  the  end  of  a cable,  where 
the  energy  trapped  in  the  system  inductance  causes  a 
large  transient  at  the  time  the  fuse  interrupts  the  current 
[3].  That  scenario  was  first  described  and  quantified  by 
Meissen  [4]  and  incorporated  in  German  Standard  VDE 
0160  [5]. 

The  new  C62.41  Recommended  Practice  proposes, 
among  other  waveforms,  a high-energy  stress  defined  by 
an  open-circuit  voltage  and  a source  impedance  at  three 
“system  exposure”  levels.  For  the  “low  exposure”  level,  no 
high-energy  stress  is  proposed;  for  the  “medium  exposure” 
level,  the  surge  environment  involves  a crest  of  two  times 
the  system  peak  voltage  with  a source  impedance  of  1 ft. 
For  the  “high  exposure”  level,  the  crest  is  2.3  times  the 
system  peak  voltage,  whereas  the  source  impedance  is 
only  0.25  ft. 

The  IEC  proposal  appears  to  be  based  on  the  VDE 
0160  standard,  which  specifies  the  direct  discharge  of  a 
large  capacitor — thousands  of  microfarads — into  the 
equipment  under  test  (EUT).  The  VDE  test  procedures 
are  not  quite  clearly  outlined  at  this  point  but  might  be 
interpreted  as  readjusting  the  capacitor  charging  voltage 
after  connecting  the  EUT  to  the  surge  generator  in  order 
to  maintain  the  specified  test  voltage  across  the  EUT. 
That  approach  would  be  diametrically  opposed  to  the 
generally  accepted  practice  of  performing  a surge  test 
with  a generator  having  the  capability  of  delivering  a 
well-defined  open-circuit  voltage  and  short-circuit  current 
or  an  open-circuit  voltage  associated  with  a specified 
source  impedance  (see  Fisher  and  Martzloff  [6]  and  the 
IEEE  Guide  on  Surge  Testing  [7]). 

Another  ambiguity  in  the  VDE  0160  test  specification  is 
that  it  might  be  acceptable  to  perform  a test  where  the 
voltage  waveform  is  less  than  the  specification,  provided 
that  80%  of  the  energy  stored  in  the  surge  generator 
capacitor  is  delivered  to  the  EUT.  However,  there  is  no 
provision  in  the  test  procedure  for  measuring  this  energy, 
and  it  is  doubtful  that  this  condition  can  be  achieved  with 
a surge  generator  containing  the  parallel  resistor  that  is 
necessary  to  achieve  the  specified  rate  of  decay  (or  dura- 
tion of  the  tail  of  the  wave)  when  the  EUT  offers  a high 
impedance. 

Metal-oxide  varistors  offered  by  manufacturers  include 
ratings  of  130  V rms  for  applications  in  120-V  systems  and 
250  V rms  for  application  in  220-V  systems.  The  motiva- 
tion for  using  these  varistor  ratings  is,  of  course,  the 
desire  to  provide  the  lowest  possible  clamping  voltage  to 
protect  sensitive  equipment.  A paper  presented  at  the 
Zurich  EMC  Symposium  suggests  that  premature  varistor 
aging  may  result  from  this  close  clamping  (see  Martzloff 
and  Leedy  [8]).  However,  the  130-  and  250-V  varistor 
ratings  are  still  widely  used  by  equipment  manufacturers 
who  take  the  position  that  they  are  not  afflicted  by  unac- 
ceptable failure  rates.  Thus,  the  authors  accept  that  posi- 
tion as  reflecting  actual  field  experience  and  will  apply  it 
as  a criterion  for  validating  or  questioning  the  proposed 
high-energy  test  standards. 


Summary  of  Results 

This  paper  reports  the  results  of  modeling  the  applica- 
tion of  a surge  test  to  a family  of  commonly  used  varistor 
sizes  (14,  20  and  32  mm  in  diameter).  For  each  varistor 
size,  the  computations  were  performed  for  three  levels  of 
manufacturing  tolerances  on  the  varistor:  nominal  value, 
— 10%,  and  -I- 10%.  A varistor  with  its  clamping  voltage  at 
the  maximum  acceptable  tolerance  level  (the  level  shown 
on  published  I - V curves)  will  tend  to  absorb  less  energy 
than  a varistor  with  a lower  clamping  voltage  because  it 
will  divert  current  for  a smaller  part  of  the  surge.  The 
maximum  energy  deposition  in  the  varistor  will  occur  for  a 
varistor  having  the  lowest  acceptable  clamping  voltage 
(typically  20%  below  the  maximum),  as  indicated  by  the 
± 10%  tolerance  on  varistor  nominal  voltages.  Should  the 
test  generator  parameters  be  at  the  most  severe  condi- 
tions within  its  uncertainties  (higher  peak  voltage  and 
longer  duration  than  nominal  within  allowable  tolerances), 
the  stress  on  the  varistor  would  be  even  greater. 

The  circuit  model  used  in  the  computations  reported  in 
this  paper  is  a simple  capacitor-discharge  circuit  that  can 
produce  the  10/1000-/u,s  waveform  of  C62.41  or  the 
100/ 1300- /as  waveform  of  VDE  0160,  where  each  has  the 
appropriate  selection  of  the  components  values.  The  mod- 
eling results,  which  are  discussed  in  detail  below  with 
supporting  information  in  the  Appendix,  indicate  that  the 
smaller  size  varistors  would  not  be  damaged  at  the 
“medium  exposure”  level  of  C62.41  but  would  be  dam- 
aged at  the  “high  exposure”  level.  The  32-mm  varistor 
would  easily  accept  several  applications  of  the  “high  expo- 
sure” level,  whereas  the  20-mm  varistor  would  have  a 
limited  life.  On  the  other  hand,  few  varistors  will  survive 
the  VDE  0160  stress. 

Table  I presents  this  information  in  the  form  of  the 
number  of  surges  that  a varistor  can  survive  for  the  three 
sizes  and  three  tolerance  values  of  varistors  and  for  the 
three  type  of  tests:  VDE  0160,  C62.41  “high  exposure,” 
and  C62.41  “medium  exposure.”  The  results  with  C62.41 
are  in  good  agreement  with  anecdotal  (unpublished)  field 
experience,  that  is,  14-mm  varistors  installed  at  the  service 
entrance  are  often  in  jeopardy,  20-mm  varistors  have  a 
better  chance,  and  32-mm  varistors  are  generally  success- 
ful Failure  rates  are  not  reported  formally  in  the  liter- 
ature, but  anecdotal  information  does  circulate.  The 
response  of  industry  to  the  Zurich  paper  alerting  the 
community  to  the  risk  of  premature  aging  caused  by 
repeated  swells  [8]  was  that  20-  and  32-mm  varistors  do 
not  suffer  from  an  unacceptable  or  alarming  failure  rate. 

The  predicted  survival  rates  of  Table  I appear  to  be 
consistent  with  actual  field  experience,  thus  validating  the 
stress  levels  proposed  by  IEEE  C62.41.  In  contrast,  for 
the  VDE  0160  stress,  the  predicted  survival  rate  is  so  low 
that  a conclusion  appears  inescapable:  The  VDE  0160 
stress  involves  an  exceptionally  high  energy  level,  making 
the  application  of  the  test  questionable  if  interpreted  as  a 
general  requirement.  The  authors  do  not  question  the 
scenario  leading  to  this  stress  level  but  do  question  the 
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TABLE  I 

Predicted  Number  of  High-Energy  Surges  that  a Varistor 
Can  Survive  as  a Function  of  Size  and  Clamping 
Voltage  Tolerance 


Size 

mm 

Varistor 

Clamping 

Voltage 

Tolerance 

VDE  0160 
Class  2 

C62.41 

High 

C62.41 

Medium 

14 

- 10% 

none 

none 

80 

0% 

none 

1 

3000 

+ 10% 

none 

8 

> I06 

20 

-10% 

none 

1 

500 

0% 

none 

3 

8000 

+ 10% 

1 

20 

“indefinite” 

32 

- 10% 

none 

8 

20  000 

0% 

i 

80 

200  000 

+ 10% 

5 

800 

“indefinite” 

IEC  proposal  to  require  an  across-the-board  test  at  that 
level  for  all  equipment. 

The  dramatic  effect  of  the  tolerance  value  on  survival 
rate  is  also  apparent.  Greater  reliability  can  be  achieved  if 
users  would  accept — better  yet,  request — a slightly  higher 
clamping  voltage  than  the  lowest  clamping  voltage  offered 
by  the  manufacturers  of  varistors  and  by  the  manufactur- 
ers of  packaged  suppressors. 

Modeling  a Surge  Test 

The  normal  practice  in  surge  testing  of  low-voltage 
equipment,  as  described  in  the  IEEE  Guide  on  Surge 
Testing  [7],  is  to  specify  an  open-circuit  voltage  and  a 
short-circuit  current  to  be  delivered  by  the  surge  genera- 
tor. With  these  two  parameters  specified,  the  surge  gener- 
ator is  considered  to  be  defined  for  any  test  involving  a 
specimen  of  high  impedance  (typically  insulation)  or  low 
impedance  (typically  a surge  diverter).  For  the  unidirec- 
tional surges  of  10/1000  and  100/1300  /zs,  a simple 
four-component  model  circuit  can  produce  these  wave- 
forms. An  actual  surge  generator,  of  course,  requires 
careful  attention  to  avoid  problems  of  parasitic 
impedances,  but  the  simple  circuit  model  of  Fig.  1 can 
deliver  the  required  waveforms,  as  shown  in  Fig.  2 for  the 
case  of  the  nominal  C62.41  IQ/lOGO-^ts  waveform. 

In  the  specification  of  that  waveform,  the  tolerances 
allowed  by  C62.41  recognize  the  fact  that  the  open-circuit 
voltage  will  inescapably  have  a longer  duration  but  shorter 
rise  time  than  the  short-circuit  current.  Because  the 
high-energy  aspect  of  this  test  makes  the  current  wave- 
form the  most  significant  parameter,  the  values  of  the 
components  in  the  model  were  selected  to  most  closely 
approximate  the  nominal  10/1000  /ns  for  the  short-circuit 
current  while  allowing  the  open-circuit  voltage  to  go  to 
the  longest  duration  permitted  by  the  tolerances.  For  the 
VDE  0160  model,  the  values  of  the  components  were 
selected  to  comply  with  the  6000-jzF  requirement  while 
producing  the  specified  open-circuit  voltage. 

In  predicting  varistor  failure  rates,  the  model  can  take 
into  consideration  the  possible  combinations  of  manufac- 
turing tolerances  on  the  varistors  and  the  uncertainties  of 
the  test  (which  is  something  that  is  more  difficult  to  do  by 
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Fig.  1.  Four-component  circuit  for  10/1000-  and  100/1 300- p.s  surge 

modeling. 
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Fig.  2.  Open-circuit  voltage  V and  short-circuit  current  / produced  by 
circuit  model  with  parameters  set  for  the  C62.41  10/ 1000- ^s  waveform. 


tests  on  random  samples).  In  the  simple  computations 
reported  here,  three  cases  have  been  computed  with  the 
varistor  at  the  midpoint  and  the  two  extremes  of  its 
manufacturing  tolerance.  The  surge  generator  parameters 
were  set  to  produce  the  nominal  current  waveform  in 
order  to  make  a midrange  rather  than  a worst-case  pre- 
diction. The  conclusions  on  survival  rates  and  validation 
of  the  proposed  tests  presented  above  would  not  be  dra- 
matically affected  if  the  surge  generator  parameter  toler- 
ances were  included  in  the  computation. 

The  component  values  of  the  circuit  shown  in  Fig.  1 
may  be  selected  to  generate  the  desired  waveforms  of  the 
various  standards.  The  selection  method  is  described  be- 
low. In  order  to  determine  the  response  of  the  circuit  with 
the  nonlinear  varistor,  numerical  techniques  are  used  as 
shown  in  the  second  step  below. 

In  the  circuit  of  Fig.  1,  the  capacitance  C is  charged  to 
an  initial  voltage  Vc.  The  surge  generator  has  a series 
resistance  Rs  and  a parallel  resistance  Rp.  A small  induc- 
tance L is  tuned  to  provide  the  specified  rise  time.  This 
simple  LRC  circuit  is  described  by  a characteristic  equa- 
tion 

1 

LA2  + RA  + — = 0 

where  R is  defined  below.  The  two  decay  constants  are 


The  response  of  the  circuit  is  a “double  exponential” 
waveform  [9], 

Using  the  allowed  tolerances  of  C62.41  for  the  model, 
the  waveshape  of  the  short-circuit  current  (in  which  case 
R is  Rs)  was  set  at  10/1000  /us.  For  the  open-circuit 
voltage  (in  which  case  R is  Rs  + Rp),  the  maximum 
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deration  allowed  by  C62.41  is  2000  /as.  The  decay  times, 
which  are  expressed  as  full  width  at  half  maximum 
(FWHM)  for  these  two  waveforms  are  designated  as  t, 
and  tv,  respectively.  The  effective  source  impedance  is 
defined  in  C62.41  as  the  ratio  of  the  peak  open-circuit 
voltage  Vp  to  the  peak  short-circuit  current  / . Its  value 
Z = Vp/Ip  has  the  dimension  of  an  impedance. 

Because  the  time  constants  are  widely  separated,  the 
determination  of  the  circuit  component  values  from  the 
values  of  t,,  tv , Z,  and  V can  be  simplified  to  produce 
approximate  values.  The  characteristic  decay  values  A+ 
and  A-  are  given  by 


1 


R 

A = ~r 

In  particular,  for  long  times  t,  the  short  circuit  current  Isc 
and  open-circuit  voltage  Voc,  are  given  by 

UO  = lpe~l/R,c 
Voc(t)  = vpe-'/(R’+Rp)C. 

At  half  maximum,  one  has 

t,  — log  2 • Rs  ■ C 
and 


Applying  a logarithm  yields 

R • t d R ■ tR 

L s _ — _ /C\ 

log .9  - log.l  log 9 ’ w 

The  expressions  (1)— (5)  uniquely  define  the  characteristics 
of  the  circuit  for  given  values  of  the  time  constants,  the 
source  impedance,  and  the  peak  open-circuit  voltage. 

With  the  parameters  of  the  model  test  circuit  thus 
defined,  the  solution  of  the  response  of  the  current  and 
energy  in  the  varistor  is  obtained  numerically  using  the 
ordinary  differential  equation  package  PLOD  [10].  The 
varistor  is  presumed  to  contain  an  interna!  series  resist- 
ance Rm  and  have  the  /- V relationship 

K,-(y)  +RJm-  (6) 

The  first-order  system  of  equations  to  be  solved  is  given 
by  the  definition  of  the  capacitor  current  / and  by  Ohm’s 

law 


1 

II 

Oil* 

•T3  1^ 

(7) 

dl  Q 

L—  = RJ  - Vm. 

dtC 

(8) 

tv=  log 2 (Rs  + Rp)-C. 
With  a small  value  of  the  inductance 
y ~ y Rp 

p CR.  + R„ 


The  varistor  current  lm  and  / are  related  by  (6)  and  by 


/ = 


(9) 


1 1 1 

ts  + r;  = z- 


These  relations  lead  to  the  four  equations: 


R 


p 


R 


log  2 • Rs 


(1) 

(2) 

(3) 

(4) 


The  inductance  is  determined  by  considering  the  10-90% 
rise  time  tR.  The  widely  separated  time  constants  allow 
the  fast  component  of  the  current  to  be  estimated  by 


at  short  times  t. 


he  = V 


-Ri/L 


By  exploiting  this  relationship,  a direct  numerical  solution 
for  the  varistor  current  is  possible.  In  addition,  the  energy 
in  the  varistor  Em  is  found  by  integrating 

dE 

(10) 

The  initial  charge  is  given  by  C • Vc,  and  the  initial  current 
and  energy  in  the  varistor  are  zero.  The  computations 
were  performed  for  the  two  C62.41  exposure  levels  and 
for  the  maximum  VDE  0160  stress,  as  described  below. 

Modeling  Results 
C62.41 — 10/1000-fis  Stresses 

To  evaluate  the  effects  of  the  test  on  varistors,  a simple 
model  of  an  equivalent  circuit  of  the  varistor  is  connected 
to  the  terminals  of  the  model  generator.  The  charging 
voltage  of  the  generator  is,  of  course,  left  unchanged.  For 
the  range  of  frequencies  involved  in  these  waveforms,  the 
only  two  significant  elements  of  the  varistor  equivalent 
circuit  (Fig.  3)  are  the  pure  varistor  Rx,  O — kVa ) and 
the  series  resistance  RON,Rs  in  the  model.  The  parallel 
resistance  R0ff>  capacitance  C,  and  the  series  inductance 
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Fig.  3.  Equivalent  circuit  of  a varistor  (Source:  [14]). 


L of  the  complete  equivalent  circuit  can  be  neglected. 
Three  diameters  of  130-V  rated  varistors  were  considered, 
each  with  its  characteristic  clamping  at  - 10,  0,  and  + 10% 
of  the  nominal  value  published  by  one  manufacturer. 
Fig.  4 shows  the  type  of  plots  obtained  from  the  model 
where  the  current  through  the  varistor  and  the  cumulative 
energy  deposited  in  the  varistor  are  computed  as  a func- 
tion of  time.  Showing  the  complete  set  of  results  for  all 
combinations  would  require  excessive  space;  a summary 
of  the  results  is  presented  in  the  Appendix.  In  the  typical 
example  of  Fig.  5,  three  curves  show  the  cumulative 
energy  for  a 14-mm  varistor  with  nominal  rating  of  130  V 
rms  and  three  tolerance  values  - 10,  0,  and  + 10%  clamp- 
ing voltage  when  exposed  to  the  C62.41  “high  exposure” 
stress  level. 

VDE  0160  100/ 1300- ixs  Stress 

Fig.  6 shows  the  parameters  of  the  100/1300-/ls  surge, 
Class  2 described  in  the  most  recent  amendment  to  VDE 
0160  [11]  and  in  the  IEC  proposal  [3] . The  voltage  level  is 
specified  as  2.3  times  the  peak  of  the  ac  power  system 
voltage.  (The  amendment  also  cites  a Class  1 category 
with  a level  of  only  2.0  times  the  peak  of  the  ac  power 
system  voltage  and  a shorter  duration).  Accepting  for  the 
moment  the  premises  that  led  to  the  specification  of  this 
test,  the  authors  applied  the  same  circuit  model  used  for 
the  IEEE  waveforms  to  produce  the  specified  VDE  wave- 
form with  an  energy  storage  capacitor  having  the  value 
specified  in  the  latest  amendment  to  VDE  0160.  (Earlier 
versions  of  the  VDE  0160  standard  suggested  a 25  000-/aF 
capacitor.  In  the  amendment,  this  value  has  been  scaled 
down  to  a range  of  700  to  6000  /xF,  perhaps  implying  that 
the  issue  is  still  unsettled,  and  thus,  the  IEC  proposal  is 
still  open  to  feedback  from  users.) 

In  this  case,  because  the  VDE  places  emphasis  on 
maintaining  the  voltage  waveform,  the  model  parameters 
were  set  to  obtain  an  open-circuit  voltage  close  to  the 
100/1300-^.s  values,  with  the  exception  of  the  resulting 
short-circuit  current,  for  which  VDE  0160  does  not  spec- 
ify a value.  Fig.  7 shows  the  open-circuit  voltage  and 
short-circuit  current  computed  by  the  model. 

The  computations  were  performed  for  the  250-V  rms 
rating  because  the  VDE  0160  does  not  provide  specifica- 
tions for  system  voltages  of  less  than  220  V rms.  Details  of 
the  results  are  presented  in  the  Appendix  together  with 
the  corresponding  results  from  the  C62.41  stress  levels. 


TIME  (ms) 

Fig.  4.  Energy  deposition  E and  current  I in  a 20-mm  varistor  with 
nominal  clamping  characteristic  (0%  tolerance)  during  the  “High  Expo- 
sure” 10/ 1000- /xs  C62.41  surge. 


Fig.  5.  Energy  deposition  in  14-mm  varistors  at  -10,  0,  and  +10% 
values  of  damping  characteristics  during  a “high  exposure”  10/1000-^s 
C62.41  surge. 


Fig.  6.  Voltage  waveform  of  the  100/1 300- jxs  surge  specified  by  VDE 
0160  and  proposed  by  IEC  (Source:  [5]). 


TIME  (ms) 


Fig.  7.  Open-circuit  voltage  V and  short-circuit  current  / produced  by 
model  with  parameters  set  to  approximate  the  VDE  0160  voltage  wave- 
form. 


(0.002 /iF) 
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Comparisons  of  Results  from  Model  with 
Varistor  Ratings 

Typical  manufacturer  specifications  [12]  include  a joules 
rating  for  maximum  single  pulses;  however,  industry  stand- 
ards (Section  6,  IEEE  Standard  on  Varistor  Test  Specifica- 
tions [13])  raise  some  questions  on  the  application  of  such 
a simple  criterion. 

The  cumulative  energy  levels  for  the  three  varistor  sizes 
(each  at  three  tolerance  levels)  were  computed  with  the 
model  for  the  C62.41  and  VBE  0160  stress  levels.  The 
results  are  shown  in  Table  II,  together  with  the  typical, 
single-pulse  joule  rating  published  for  these  sizes.  By 
using  this  somewhat  oversimplified  joule  criterion  (more 
than  10%  change  in  nominal  voltage  may  occur  if  joule 
rating  is  exceeded),  it  would  appear  that  only  the  14-  and 
20-mm  varistor,  for  the  low  values  of  tolerance,  might  be 
in  jeopardy. 

Using  the  criterion  of  “pulse  rating”  proposed  by  man- 
ufacturers [11],  [14],  where  the  current  peak  and  duration 
are  taken  into  consideration  leads  to  more  detailed  and 
reliable  conclusions,  which  also  agree  with  field  experi- 
ence (see  Martzloff  [15]). 

Therefore,  the  current  peak  and  its  duration  (FWHM) 
were  also  computed  for  the  nine  combinations  of  varistor 
parameters  and  compared  with  the  “pulse  rating”  corre- 
sponding to  the  duration  and  peak  in  each  case.  The 
detailed  results,  which  are  the  basis  for  the  summary  of 
Table  I,  are  presented  in  tabular  fashion  in  the  Appendix, 
together  with  a discussion  of  the  finer  points  of  the 
analysis. 

Conclusions 

1)  Predictions  of  the  impact  of  the  100/ 1300- /is  surge 
test  proposed  by  the  IEC  and  based  on  the  VBE  0160 
standard  show  that  the  millions  of  varistors  in  service 
should  experience  a greater  failure  rate  than  that  indi- 
cated by  available  information  on  actual  field  failures. 
This  inconsistency  raises  serious  questions  on  the  pro- 
posed requirement  of  such  a severe  test  to  a wide  range  of 
equipment. 

Furthermore,  the  lingering  ambiguity  in  the  VBE  0160 
standard  (and,  consequently,  in  the  IEC  proposal)  on 
whether  to  set  constant  open-circuit  voltage  or  to  adjust 
the  voltage  while  the  specimen  is  connected  needs  to  be 
clarified.  A constant,  specified  open-circuit  voltage  com- 
bined with  a well-defined  source  impedance  is  the  gener- 
ally accepted  practice  in  surge  testing. 

2)  The  energy  levels  and  currents  resulting  from  appli- 
cation of  a waveform  described  in  the  revised  IEEE 
C62.41,  on  the  other  hand,  range  from  benign  for  typical 
large  varistors  to  severe  for  small  varistors.  Thus,  this  set 
of  stress  levels  appears  to  be  more  consistent  with  field 
experience,  at  least  as  inferred  from  available  anecdotal 
information. 

3)  Although  the  authors  do  not  question  the  validity  of 
the  fuse-blowing  scenario,  which  is  the  basis  for  the  VBE 
0160  and  proposed  IEC  test,  they  recommend  a critical 


TABLE  n 

Single-Pulse  Results  and  Ratings  (in  joules) 


Varistor 

VDE  0160 

C62.41 

C62.41 

Size  Toler- 

Class  2 

High 

Medium 

mm  ance 

250  V 

130  V 

130  V 

% 

varistor 

varistor 

varistor 

Result  Rating 

Result  Ratiog 

Result  Rating 

14  -10 

212 

43 

6 

0 

126  72 

26  38 

3 38 

+ 10 

62 

13 

1 

20  -10 

257 

45 

6 

0 

181  130 

27  70 

3 70 

+ 10 

86 

14 

1 

32  -10 

306 

46 

6 

0 

181  330 

28  200 

3 200 

+ 10 

86 

15 

1 

notes- 

l.  Five  numbers  are  printed  in  bold  face  in  the  results  columns  for  two  values  of  tolerances  in 
the  14-mm  and  20-mm  varistors.  These  values  exceed  the  rating  of  the  varistor,  and  thus  would 
indicate  a high  likelihood  of  failure  at  that  streos  level 

2 The  varistor  model  postulates  the  same  1 = kV°  relation  for  the  three  ratings,  with  a series  re- 
sistance that  decreases  as  the  diameter  of  the  varistor  increases.  The  lower  series  resistance  invites 
a greater  current  diversion  into  the  varistor  in  the  upturn  region  of  the  I V characteristic,  where  its 
effect  is  more  noticeable,  especially  for  the  VDE  0160  and  the  lower  tolerance  case  for  the  varistors 

review  of  the  statistics  of  the  occurrence  of  fuse  blowing, 
the  use  of  varistors  with  low  clamping  voltage,  and  the 
distribution  of  actual  clamping  voltage  within  manufactur- 
ing tolerances.  They  also  urge  all  users  to  share  informa- 
tion on  the  observed  failure  rates  and  thus  attain  a 
broader  perspective  on  these  issues. 

Appendix 

Betailed  Results  for  Current  Peaks  and  Buration 

This  Appendix  provides  a summary  of  the  54  separate 
computations  made  to  determine  the  current  in  the  varis- 
tor resulting  from  the  three  high-energy  tests  discussed  in 
the  paper.  Three  varistor  sizes  were  considered  (14,  20, 
and  32  mm),  and  their  “pulse  rating”  obtained  from  [12] 
and  [14].  The  32-mm  size  has  been  dropped  from  the 
current  product  line  of  [12]  and  might  appear  obsolete. 
However,  it  was  selected  because  it  has  been  applied  in 
the  past  [14],  and  thus,  more  field  experience  is  available 
for  that  size  than  for  the  40-mm  size,  which  is  the  present 
offering. 

The  computed  results  are  presented  in  Table  A!  for  the 
VBE  0160  Class  2 and  the  C62.41  “high  exposure”  and 
“medium  exposure”  stresses.  In  each  major  section  of  the 
table,  the  computed  current  peak  and  FWHM  are  tabu- 
lated. Next  to  these  computations,  the  corresponding  cur- 
rent peaks  are  shown  from  the  “pulse  ratings”  in  [12]  or 
[14]  for  the  computed  duration  and  for  1,  10,  and  100 
applications  of  that  peak  of  current  pulse. 

The  usual  description  of  a unidirectional  surge  is  based 
on  the  FWHM,  and  therefore,  the  computations  of  the 
current  in  the  varistor  were  aimed  at  characterizing  this 
description  of  the  current  waveform.  However,  the  “pulse 
rating”  curves  in  both  [12]  and  [14]  are  based  on  an 
“impulse  duration”  defined  as  the  time  from  virtual  origin 
of  the  wave  and  the  virtual  time  to  half  value.  In  the  case 
of  the  C62.41,  with  a front  time  of  10  /is  and  a FWHM  of 
1000  /is,  the  difference  between  the  FWHM  and  the 
“impulse  duration”  is  negligible.  In  the  case  of  the  IEC 
100/ 1300- /as  waveform,  the  difference  is  more  significant. 
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TABLE  A1 

Modeling  Results  Versus  Device  Ratings — Current  and  Duration 


VARISTOR 

VDE  0160  =s  100/1300  ps 

2.3  x 220  x 1.4;  6000  pF; 

250 -V  varistor 

IEEE  C62.41  10/1000  ps  “High" 
2.3  x 120  x 1.4;  0.25  fi; 

130-V  varistor 

1EEEC62.41  10/1000  ps  “Medium" 
2.0  x 120  x 1.4;  1.0  Q; 

1 30- V varistor 

RESULTS 

RATINGS 

RESULTS 

RATINGS 

RESULTS 

RATINGS 

DIA 

Toler- 

Peak 

FWHM 

Virt 

Allowable  Peak  Amperes** 

Peak 

FWHM 

Allowable  Peak  Amperes** 

Peak 

FWHM 

Allowable  Peak  Amperes** 

mm 

ance 

A 

jlS 

Dur 

For  Virtual  Duration  and 

A 

ps 

For  FWHM  and  Number 

A 

gs 

For  FWHM  and  Number 

% 

gs* 

No.  of  Pulses  in  Columns 

of  Pulses  in  Columns 

of  Pulses  in  Columns 

100 

10 

1 

100 

10 

1 

100 

10 

1 

-10 

520 

650 

690 

30 

50 

120 

305 

400 

50 

. 75 

200 

58 

322 

55 

90 

240 

14 

0 

364 

520 

560 

40 

60 

150 

220 

325 

55 

90 

240 

35 

235 

60 

110 

310 

+10 

221 

400 

440 

45 

70 

180 

140 

240 

60 

110 

310 

116 

153 

100 

160 

500 

-10 

658 

625 

665 

45 

80 

210 

325 

410 

70 

120 

360 

60 

325 

90 

170 

410 

20 

0 

454 

515 

555 

55 

90 

250 

235 

325 

90 

170 

410 

36 

234 

100 

200 

550 

+ 10 

269 

400 

440 

«$ 

110 

300 

150 

240 

100 

200 

550 

16 

151 

150 

300 

750 

-10 

826 

625 

665 

100 

200 

800 

345 

410 

180 

340 

1000 

60 

313 

200 

400 

1200 

32 

0 

562 

500 

540 

120 

250 

700 

250 

320 

200 

400 

1200 

36 

230 

220 

500 

1700 

+ 10 

325 

390 

420 

150 

300 

900 

155 

240 

220 

500 

1700 

16 

150 

400 

850 

2500 

•Adjustment  of  approximately  halt  of  the  rise  time  made  to  account  for  the  difference  between  the  computed  FWHM  and  the  ’virtual  duration"  used  in  manufacturers 
specifications.  For  the  short  rise  time  of  the  C62.41 , the  difference  is  negligible. 


“When  allowable  peak  current  for  the  corresponding  duration  and  number  of  pulses  exceeds  the  rated  peak  current  at  that  duration,  the  varistor  is  deemed  in  jeopardy;  this 
situation  is  shown  by  shading  the  corresponding  area  in  the  rating  columns.  The  unshaded  areas  represent  "survival”  of  the  varistor  through  the  high-energy  stress. 


Fig.  AJ.  Typical  published  family  of  “pulse  rating”  curves  showing 
amplitude,  duration,  and  number  of  allowable  pulses. 


and  therefore,  the  comparisons  of  Table  AI  include  a 
40-/ls  adjustment  in  the  duration  (about  half  of  the  rise 
time). 

The  peak  values  of  the  current  shown  in  the  table  that 
exceed  the  “pulse  rating”  have  been  identified  by  shading 
the  area  in  the  columns.  At  a glance,  it  becomes  apparent 
that  the  survival  rate  to  a VDE  0160  exposure  can  be 
expected  to  be  extremely  low;  it  will  be  moderate  for  the 
C62.41  “high  exposure”  and  will  be  at  its  maximum  for 
the  C62.41  “medium  exposure”  stresses. 
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is  serving  as  chair  of  SC77B  (industrial  systems)  and  secretary  of  WG2B 
(installation  and  mitigation). 
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Significance: 

Part  2 Development  of  Standards  - Reality  checks 

Three  examples  of  reality  checks  are  given  that  shed  some  light  on  issues  raised  during  standards  development 

• The  apparent  reduction  in  surge  voltage  activity  is  explained  by  the  proliferation  of  surge  mitigating  devices. 

• A proposed  high-energy  surge  would  cause  failure  of  ubiquitous  SPDs,  but  they  do  not  fail  in  the  field. 

• Allegedly  frequent  high-level  surges  would  cause  frequent  failure  of  light  bulbs,  but  they  do  not  in  the  field 
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APPLYING  REALITY  CHECKS 
TO  STANDARDS  ON  THE  SURGE  ENVIRONMENT 


Arshad  Mansoor  and  Doni  Nastasi 
Power  Electronics  Applications  Center 
Knoxville  TN  USA 

Abstract  - The  paper  identifies  several  realities  of  surge 
environment  and  equipment  survival  that  are  sometimes  ignored 
in  surge-protection  practices.  It  questions  the  quest  for  what 
could  be  overly  conservative  requirements  for  surge  immunity  or 
surge  mitigation  by  presenting  “reality  checks”  based  on  field 
experience  or  laboratory  data.  A first  check  focuses  on  the  fact 
that  some  recent  field  recordings  of  surges  may  be  misleadingly 
low  in  today’s  surge  environment.  Additional  checks,  aimed  at 
moderating  the  overly  conservative  requirements,  include  the  case 
history  of  a proposed  high-stress  100/1300  ps  surge  test,  data  on 
failure  levels  of  clock  motors  and  light  bulbs  that  can  serve  as 
benchmarks  for  severity  levels,  and  measurements,  validated  by 
parametric  modeling,  showing  that  large  currents  cannot 
propagate  into  long  cables  without  causing  a flashover  of  the 
wiring  devices  at  the  beginning  of  the  cable,  effectively  limiting 
the  energy-delivery  capability  of  a surge  at  the  end  of  the  cable. 

1.  Introduction 

Some  proposals  for  standards  on  equipment  surge 
immunity  or  on  performance  of  surge-protective  devices 
are  driven  by  the  commendable  quest  for  conservative 
ratings.  However,  when  this  quest  produces  compounded 
safety  factors,  the  result  may  not  be  cost-effective. 

The  purpose  of  our  paper  is  to  present  facts  and 
rationalizations  in  support  of  the  development  of  realistic 
standards  on  the  surge  environment  in  low-voltage  ac 
power  systems.  In  addition  to  contributors  to  the  ICLP 
Conferences,  two  major  players  in  the  development  of 
international  standards  on  the  lightning  surge  environment 
are  EEC  Technical  Committee  77  on  Electromagnetic 
Compatibility  and  Technical  Committee  81  on  Lightning 
Protection.  Other  contributors  addressing  switching  surges 
as  well  as  lightning  surges  include  EEC  Subcommittee  28A 
on  Insulation  Coordination,  Subcommittee  37A  on  Surge- 
Protective  Devices,  and  the  IEEE  Committee  on  Surge- 
Protective  Devices.  The  standards  developed  by  these 
bodies  reflect  the  collective  experience  of  individual 
contributors  as  well  as  the  “corporate  memory”  of  these 
groups.  In  this  paper,  four  items  are  described  that  may 
serve  as  foundations,  or  reality  checks,  to  be  added  to  this 
corporate  memory.  The  first  check  can  be  seen  as  a 
reminder  note  to  resist  the  mistake  of  dismissing  surge 
threats  because  contemporary  recordings  show  benign 
occurrences  of  surge  voltages.  The  three  other  checks  can 
serve  as  a tempering  note,  to  avoid  economically  unjusti- 
fied over-specification  of  surge  protection. 


Electricity  Division  Electronics  and  Electrical  Engineering  Laboratory. 
Technology  Administration,  U.S.  Department  of  Commerce. 
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2.  The  ninety-five  percent  rule 

Debates  and  definitions  concerning  compatibility 
levels,  immunity  limits,  or  emissions  limits  generally 
acknowledge  that  requirements  drawn  from  these  consider- 
ations cannot  apply  simultaneously  to  100%  of  the  cases 
and  100%  of  the  time.  The  term  “high  probability”  appears 
in  many  definitions,  rather  than  a hard  number.  This 
avoidance  of  hard  numbers  is  the  result  of  the  difficulty  to 
secure  a consensus  from  individuals  who  represent 
different  communities  of  end-users  with  different  percep- 
tions of  what  is  an  acceptable  level  of  probability. 

The  military  and  aerospace  communities  often  speak 
of  zero  tolerance  or  zero  defects  where  economics  is 
downplayed.  In  contrast  the  commercial,  mass-production 
communities  speak  of  realistic  requirements  where  cost- 
effectiveness  is  a very  prominent  factor. 

An  intermediate  position  can  be  found  in  industry 
where  a rational  balance  is  sought  between  the  costs  of 
exhaustive  mitigation  and  the  consequential  costs  of  limited 
mitigation. 

Our  reality  checks  are  offered  as  a guide  to  striking 
such  a balance,  recognizing  the  diversity  of  circumstances 
and  expectations  from  a diversity  of  end-users. 

3.  Shrinking  surges  vs.  expanding  mitigation 

A reality  check  can  explain  an  apparently  puzzling 
development  which  has  been  observed  since  the  beginning 
of  studies  concerning  the  characterization  of  the  surge 
environment:  starting  in  the  sixties,  results  published  by 
researchers  monitoring  the  occurrence  of  surges  have 
reported  a gradual  decrease  in  the  relative  severity  of 
surges  (Martzloff  & Hahn,  1970  [1];  Allen  & Segall,  1974 
[2];  Bull  & Nethercott,  1975  [3];  Goldstein  and  Speranza, 
1982  [4];  Goedbloed,  1987  [5];  Dorr,  1995  [6]). 

This  puzzling  trend  can  be  explained  by  reference 
to  the  reality:  the  spectacular  expansion  of  surge-protective 
devices  (SPDs)  in  low-voltage  ac  power  circuits  now 
makes  it  almost  impossible  to  make  measurements  at  a site 
where  there  is  not  some  hidden  SPD.  Monitors  will  now 
report  the  residual  voltage  of  these  SPDs,  not  the  true  surge 
activity  in  the  environment  (Aspnes  et  al.  and  discussion, 
1985  [7]).  So,  it  is  not  that  surges  have  shrunk,  but  rather 
that  mitigation  has  greatly  expanded,  masking  the  persistent 
occurrence  of  transients  which  remain  a potential  threat. 
This  threat  has  shifted  from  observed  surge  voltages  -- 
now  mitigated  --  to  the  possibility  of  excessive  surge 
currents  into  candidate  mitigation  means  with  low  limiting 
voltage  which  would  be  particularly  attractive  to  the  surges. 
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Table  1 

Computed  peak  currents  for  a postulated  100/1300  |is  surge 
and  varistor  rated  peak  current 


Tolerance 
on  varistor 
nominal 
voltage 
rating 
(%) 

Computed  results: 
Current  peak  and 
duration  of  surge 
in  the  varistor 

Varistor  rating:  Allowable 
peak  A for  number  of 
pulses  of  computed 
FWHM 

Peak 

(A) 

FWHM” 

(MS) 

100 

pulses 

10 

pulses 

1 

pulse 

- 10 

658 

625 

45 

80 

210 

0 

454 

515 

55 

90 

250 

+10 

269 

400 

65 

110 

300 

“FWHM:  Full  width  at  half  maximum 


Future  surveys  of  the  occurrence  of  surges  in  low- 
voltage  ac  power  systems  should  shift  from  the  recording 
of  surge  voltages  to  the  recording  of  surge  currents  [8]. 
Unless  this  shift  is  implemented,  the  false  sense  of  security 
will  be  further  promoted  that  potentially  damaging  surges 
are  less  frequent  than  once  believed.  The  1980  title  of  a 
seminal  IEEE  document  on  the  occurrence  of  surges 
(Guide  on  Surge  Voltages  in  Low-Voltage  AC  Power 
Circuits  [9])  was  appropriate  at  the  time,  but  should  now  be 
amended  to  reflect  the  shift. 

4.  The  saga  of  the  proposed  100/13®®  ps  surge 

A proposal  was  made  in  the  early  eighties  to  require 
a high-stress  surge  test  for  industrial  equipment.  A reality 
check  would  have  revealed  the  contradiction  between  the 
failure  rates  that  would  result  from  such  a test  and  the 
observed  field  failures. 

Starting  with  observations  of  the  occurrence  of  long 
duration  surges,  typically  associated  with  fuse  blowing,  the 
proposal  was  to  require  an  additional  test  with  a surge 
longer  than  the  classic  1,2/50  - 8/20  ps  impulse  (Meissen, 
1983  [10];  VBE  0160,  1989,  [11];  IEC  1000-4-1,  1990 
[12]).  The  proposed  surge  would  be  characterized  by  a 
100/1300  ps  waveform,  with  peaks  as  high  as  1,3  per  unit, 
added  to  the  ac  sine  wave  peak.  In  the  original  VBE  01 60 
implementation,  the  test  circuit  involved  the  discharge  of  a 
24000  pF  energy-storage  capacitor.  An  amendment  to  the 
VBE  0160  standard  [13]  scaled  the  capacitance  value 
down  to  6000  pF,  still  a large  stress  for  the  equipment 
under  test. 

For  instance,  such  surges  would  impose  large 
stresses  to  the  millions  (or  perhaps  billions)  of  small  varis- 
tors now  installed  in  low-voltage  ac  power  systems.  One 
would  observe  a conspicuous  failure  rate  in  the  field  as 
typical  20- mm  diameter  varistors  cannot  survive  such 
surges,  but  one  does  not  observe  this  failure  rate.  An 
objection  to  this  surge  specification  was  first  proposed  on 
the  basis  of  computer  simulation  of  the  event  (Fenimore  & 
Martzloff,  1990  [14])  because  no  generator  was  com- 
mercially available  to  produce  that  surge.  Table  1 shows 
an  excerpt  from  [14]  where  the  current  that  would  be 
caused  by  the  proposed  100/1300  ps  surge  in  a 20-mm 
varistor  rated  250  V rms  was  computed  and  compared  to 
the  published  varistor  pulse  rating  for  current-handling 
capability.  Only  a varistor  at  the  high  end  of  its  ±10% 
tolerance  band  could  survive  one  application  of  that  surge 
(the  corresponding  computed  current  peak  is  only  269  A, 
compared  to  a rating  of  300  A).  In  all  the  other  cases,  the 
varistor  rating  is  exceeded  and  likelihood  of  failure 
increases  for  lower  tolerances  and  for  more  than  one  pulse. 

Later  on,  when  a prototype  generator  capable  of 
delivering  this  surge  was  developed  by  a surge  generator 
manufacturer,  tests  witnessed  by  one  of  the  authors  and  by 
W.  Meissen  (the  originator  of  the  100/1300  ps  surge 
proposal),  did  confirm  the  fact  that  20-mm  varistors  are 
destroyed  by  that  surge  (Martzloff,  1991  [15]).  We  now 
understand  that  the  IEC  proposals  and  the  VBE  0160 
requirements  for  the  100/1300  ps  surge  have  been  pulled 
back  or  are  being  reconsidered. 


5.  Failure  levels  of  clock  motors 

and  incandescent  light  bulbs 

Two  simple  devices  have  been  in  service  in  millions 
of  households  and  can  be  seen  as  surge  threshold  detectors: 
motor-driven  clocks  (before  the  advent  of  digital  clocks) 
and  still  today,  the  ubiquitous  incandescent  light  bulb.  We 
have  some  knowledge  on  the  failure  rate  of  some  of  these 
devices  under  surge  conditions,  from  which  we  can  derive 
some  inferences  on  approximate  limits  on  the  level  of 
frequent  surges.  As  we  will  see  in  the  following  two 
subsections,  the  data  are  not  precise  and  are  subject  to 
undetermined  statistical  variations.  However,  the  large 
number  of  observations  does  give  some  value  to  the 
inferences,  compared  to  the  limited  number  of  observations 
obtained  by  more  precise  recording  instruments. 

5.1  Failures  of  motor-driven  docks 

In  the  sixties,  a report  was  published  citing  a 100:1 
reduction  in  the  failure  rate  of  dock  motors  when  the 
withstand  level  of  the  motor  was  raised  from  2 kV  to  6 kV 
[9],  thus  providing  a verification  of  the  “slope”  of  surge 
occurrence  rate  vs.  peak  reported  by  many  researchers  [16]. 

Figure  1 shows  a plot  of  the  frequency  of  occur- 
rence of  surge  voltages  versus  their  peak  amplitude  as 
reported  by  many  researchers,  and  the  two-point  line  of  the 
100:1  relationship  between  2 kV  and  6 kV  occurrences. 
The  parallel  position  of  all  these  lines  is  remarkable.  While 
the  plots  reported  by  the  researchers  are  generally  limited 
to  a few  thousand  hours  of  observation,  at  only  a few 
locations,  the  clock  data  represent  the  integration  of  more 
than  10000  clocks  over  a period  of  two  to  three  years. 

Because  the  data  reflect  only  the  number  of  clocks 
returned  by  dissatisfied  customers,  the  exact  number  of 
clocks  involved  in  “monitoring”  the  surge  voltages,  and  the 
duration  of  the  observation  are  not  known.  Therefore, 
rigorous  statistical  analysis  would  be  meaningless.  The 
point  of  our  reality  check,  however,  is  still  that  a very  large 
number  of  observation  points  were  involved,  for  a period 
of  several  years,  something  that  no  survey  could  do  — but 
for  this  particular  case  history,  it  was  all  done  before  the 
environment  began  to  be  tamed  by  the  proliferation  of  the 
new  generation  of  low-voltage  SPBs. 
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Figure  1 - Plots  of  frequency  of  occurrence  versus  peak  amplitude 
reported  in  1970-1987  surveys  by  independent  researchers.  The 
line  marked  “clock”  only  shows  the  slope  from  2 kV  to  6 kV,  not 
the  actual  frequency  of  occurrence.  Note  how  the  lines  are 
essentially  parallel.  (Plot  reproduced  from  [16].) 

5.2  Failure  of  incandescent-light  bulbs  under  surges 

Tests  recently  performed  by  the  authors  on  120-V 
incandescent  light  bulbs  show  that  few  bulbs  will  survive 
surges  in  excess  of  1 200  to  1500  V t.  and  that  a surge  of  as 
little  as  800  V,  when  it  occurs  under  the  most  sensitive 
condition,  can  trigger  the  failure  . Limited  tests  performed 
on  240  V bulbs  yield  similar  results.  Comparison  of  tests 
performed  by  a researcher  in  Austria  and  by  the  authors  on 
both  120  V and  240  V bulbs  might  be  available  at  the  time 
of  presentation  of  this  paper. 

Since  we  do  not  hear  reports  of  endemic  failure  of 
light  bulbs  beyond  what  can  be  expected  from  their  known 
service  life,  we  must  conclude  that  the  reality  is  that  there 
is  not  a high  rate  of  occurrence  of  surges  at  levels  in  excess 
of  1500  V. 


t The  measurements  reported  in  this  paper  have  been  made  with 
instrumentation  for  which  the  combined  uncertainty  should  not 
exceed  ± 5 to  ±6%.  Given  the  process  of  applying  the  measure- 
ment results  to  the  failure  levels  of  light  bulbs  exposed  to 
environments  with  characteristics  that  are  at  best  known  within 
an  order  of  magnitude,  this  level  of  uncertainty  does  not  affect 
the  practical  conclusions. 


This  observation  merits  a brief  summary  of  our 
findings  about  the  mechanism  of  bulb  failure  triggered  by 
a surge.  We  emphasize  the  triggered  aspect  because  surges 
of  relatively  low  amplitude  do  not  cause  directly  the  failure 
of  the  bulb,  but  cause  a secondary  flashover  at  the  power 
frequency  that  burns  out  the  filament.  Surges  of  higher 
amplitudes  can  deposit  enough  energy  into  the  filament  to 
melt  it,  but  our  point  for  the  reality  check  is  that  even  low- 
amplitude  surges  can  result  in  failure  of  the  bulb. 

Figures  2,  3,  4,  and  5 present  oscillograms  of  the 
voltage  across  an  energized  120-V  bulb  and  of  the  current 
flowing  in  the  bulb.  Figure  2 shows  a narrow  window 
commensurate  with  the  duration  of  the  surge  delivered  by 
a 1,2/50  ps  - 8/20  ps  surge  generator.  We  observe  the 
chopping  of  the  voltage  wave,  typical  of  a gap  sparkover, 
and  the  rise  of  the  surge  current  after  the  sparkover.  The 
scale  of  the  current  trace  selected  to  record  the  surge 
(hundreds  of  amperes)  does  not  show  the  normal  current 
(1  A)  in  the  bulb.  Observations  during  this  test  include 
hearing  a pinging  noise  and  seeing  a bright  flash  of  light, 
followed  by  darkness  as  the  filament  can  then  be  seen 
broken  at  its  points  of  attachment  to  the  stems. 


Sweep:  10  ps/div 

Figure  2 - Voltage  and  current  in  light  bulb  during  application 
of  a 1,2/50  ps  - 8/20  ps  surge,  resulting  in  surge  sparkover 

Figure  3 was  recorded  (for  a new  bulb)  with  a 
longer  window  to  display  two  full  cycles  of  the  power 
frequency.  At  that  sweep  rate,  the  surge  is  no  longer 
resolved,  and  its  apparent  peak  on  the  trace  may  be  lower 
than  the  actual  peak  because  not  enough  data  samples  are 
collected  around  the  peak.  However,  the  timing  of  the 
surge,  and  the  events  following  the  surge  are  what  is 
important  in  this  figure.  The  surge  event  appears  as  a 
voltage  spike  and  a current  spike,  followed  by  return  to 
practically  normal  voltage  and  no  visible  large  current. 
Then,  suddenly,  a pulse  of  power-frequency  current 
appears,  with  a large  amplitude  — the  source  of  the 
observed  flash.  We  believe  that  it  is  this  current  that  causes 
the  bum-out  of  the  filament,  not  the  “trigger”  surge. 
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Top  trace:  Voltage  across  bulb  terminals,  200  V/div 

Bottom  trace:  Current  in  bulb,  100  A/div 
Sweep:  5 ms/div 

Figure  3 - Voltage  and  current  in  light  bulb  during  application  of 
a 1,2/50  ps  - 8/20  ps  surge  at  30°,  resulting  in  surge  sparkover, 
followed  by  power-frequency  flashover 

This  belief  is  supported  by  the  recordings  shown  in 
Figures  4 and  5.  Figure  4 is  actually  the  recording  of  a 
surge  application  to  the  bulb  of  Figure  3,  in  a test  that 
preceded  the  fatal  surge  recorded  in  Figure  3.  The  applied 
surge  was  the  same  (900  V)  for  both  Figure  3 and  Figure  4. 
The  randomness  of  the  process  of  igniting  the  power  arc  is 
such  that  in  the  case  of  Figure  4,  the  power  arc  was  not 
ignited,  while  in  the  subsequent  surge  application  on  the 
same  bulb  (Figure  3)  and  in  the  same  conditions,  the  power 
arc  was  ignited,  resulting  in  bum-out  of  the  filament. 


Top  trace:  Voltage  across  bulb  terminals,  200  V/div 

Bottom  trace:  Current  in  bulb,  1 00  A/div 
Sweep:  5 ms/div 


Figure  4 - Voltage  and  current  in  light  bulb  during  application 
of  a 1,2/50  ps  - 8/20  ps  surge  at  30°,  with  surge  sparkover  but 
no  power-frequency  flashover 

As  further  evidence,  Figure  5 shows  the  process  (in 
a new  bulb)  when  the  surge  was  applied  at  zero  degrees, 
the  time  at  which  there  is  the  least  power-frequency  voltage 
to  ignite  a power  arc.  In  that  test  sequence,  the  first  applied 
surge  had  an  amplitude  of  1000  V.  Sparkover  under  the 
impulse  did  occur  (the  pinging  noise  was  heard),  but  the 
power-frequency  arc  was  not  ignited  and  the  bulb  survived. 


Sweep:  5 ms/div 

Figure  5 - Voltage  and  current  in  light  bulb  during  application 
of  a 1,2/50  ps  - 8/20  ps  surge  at  0°,  resulting  in  surge  sparkover 
and  delayed  power-frequency  flashover 

The  applied  surge  was  then  raised  in  100  V steps, 
still  with  pinging  heard  but  no  fatal  power-frequency  arc. 
Figure  5 was  recorded  when  the  applied  surge  voltage  was 
increased  to  1 300  V.  At  that  level  of  energy  deposited  by 
the  surge,  enough  plasma  was  generated  in  the  path  of  the 
surge  current  to  eventually  ignite  the  power-frequency  arc, 
but  it  had  to  wait  until  the  power-frequency  voltage  had 
reached  its  peak. 

To  conclude  this  summary,  Table  2 shows  the 
relationship  between  the  timing  of  the  surge  with  respect  to 
the  sine  wave  and  the  amplitude  of  the  surge  sufficient  to 
trigger  ignition  of  the  power-frequency  arc.  When  the 
surge  is  applied  at  90  degrees  (the  peak  of  the  sine  wave, 
making  immediate  ignition  of  the  power  arc  easiest),  a 
surge  of  800  V is  sufficient  to  trigger  the  power  arc.  At 
zero  degrees,  the  surge  must  be  raised  to  1500  V to 
produce  sufficient  plasma  to  result  in  a subsequent  power- 
frequency  arc. 

The  phenomena  are  of  course  subject  to  the 
statistical  variations  of  sparkover.  The  values  shown  in 
Table  2 are  the  averages  of  tests  performed  on  a total  of  20 
bulbs  of  the  same  manufacturer,  rated  100  W,  replicating 
the  test  at  several  timing  angles.  This  paper  is  not  the 
medium  for  reporting  in  detail  our  series  of  experiments 
with  other  manufacturers  and  other  watt  ratings  which 
produced  similar  results;  the  point  is,  however,  that  our 
inferences  are  not  based  on  just  the  20  bulbs  of  Table  2. 


Table  2 

Relationship  between  timing  angle  of  the  surge  and  amplitude 
necessary  to  produce  a fatal  power-frequency  flashover 


Angle  (°) 

0 

15 

30 

45 

90 

135 

150 

165* 

Peak  (V) 

1500 

1200 

900 

800 

800 

850 

850 

1100 

* One  specimen  produced  “pinging"  starting  at  1000  V,  but  no 
power  arc.  Eventually,  the  bulb  tailed  at  1600  V without  power  arc. 
as  a direct  result  of  the  energy  dumped  into  the  filament  by  the 
surge  alone. 
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6.  Limits  to  pushing  surges  into  branch  circuits 

Some  proposals  have  been  made  to  require  SPDs 
intended  for  installation  on  indoor  circuits  to  withstand 
surges  with  relatively  high  peaks  and  short  rise  time.  Such 
a requirement  would  mean  that  a substantial  voltage  drop 
would  be  developed  (L-  di/dt)  along  the  wiring.  Added  to 
the  limiting  voltage  of  the  SPD  at  the  end  of  the  line,  the 
voltage  necessary  to  drive  such  a surge  at  the  origin  of  the 
line  would  very  likely  cause  flashover  of  wiring  devices  at 
the  origin  of  the  line. 

This  flashover,  occurring  during  the  rising  part  of 
the  surge,  would  effectively  shut  off  further  propagation  of 
the  surge  toward  the  SPD  (except  for  the  energy  stored  in 
the  line  during  the  current  rise,  which  is  easily  dissipated 
by  the  SPD).  Thus,  the  requirement  of  a large  surge 
capability  for  SPDs  installed  with  even  a modicum  of  line 
length  would  be  unrealistic.  In  support  of  this  statement, 
we  present  here  a summary  of  measurements  on  actual 
wiring  and  EMTP  [17]  computer  simulation  of  a range  of 
parameters. 

Figure  6 shows  the  experimental  circuit  with  a 
varistor  connected  at  the  downstream  end  of  a “branch 
circuit”  consisting  of  two  copper  conductors  of  2-mm 
cross-section  (#12  AWG),  typical  of  residential  wiring.  The 
first  current  transformer  monitors  the  total  current 
impinging  at  the  upstream  end.  The  second  current 
transformer  monitors  the  current  flowing  toward  the 
downstream  end,  which  will  be  imposed  on  the  varistor. 
The  clearances  at  the  upstream  end,  such  as  clearances  in 
a service-entrance  panel,  are  represented  by  a discrete  gap 
that  can  be  set  to  produce  sparkover  at  some  given  voltage 
during  the  test  as  well  as  in  the  model. 

To  determine  the  response  of  the  circuit  without  the 
clearance  limitation  and  verify  that  the  model  produces  the 
same  result,  the  gap  setting  was  adjusted  for  this  particular 
test  so  that  no  sparkover  occurred  at  the  upstream  voltage 
developed  for  the  current  delivered  by  the  generator.  Once 
the  model  was  validated,  parametric  variations  could  be 
performed  for  any  combination  of  circuit  length,  applied 
surge,  and  clearance  (gap)  sparkover. 


Figure  6 - Test  setup  for  driving  surges  into  a varistor 
installed  at  the  end  of  a 9 m branch  circuit. 


Top  trace:  Gap  voltage,  500  V/div 
Center  trace:  Total  current,  500  A/div 
Bottom  trace:  MOV  current,  500  A/div 
Sweep:  1 0 ps/div 

Figure  7 - Voltage  and  currents 
measured  in  the  circuit  of  Figure  6 


Figure  8 - Plot  from  model  of  voltage  across  the  gap 
(compare  with  voltage  trace  of  Figure  7)  and  impinging 
current  (compare  with  the  two  current  traces  of  Figure  7) 
for  the  circuit  of  Figure  6 

Inspection  of  Figures  7 and  8 clearly  shows  the 
agreement  between  real-world  measurements  and  model. 
The  voltage  traces  are  quite  comparable.  In  Figure  7,  the 
two  current  traces  are  identical  since  no  current  is  diverted 
in  the  arrester.  In  Figure  7,  the  current  trace  is  the  one 
postulated  in  the  modeling.  This  correspondence  allows 
us  to  make  parametric  variations  in  the  model  with 
postulated  impinging  surges  of  higher  values,  such  as  those 
being  proposed  for  consideration  in  some  standards-writing 
groups.  Another  advantage  of  the  model  is  that  it  allows 
postulating  a current  source  — the  consensus  choice  among 
lightning  researchers  — rather  than  using  a surge  generator 
which  is  only  a charged  capacitor  with  a wave-shaping 
network.  Consequently,  the  surge  generator  interacts  with 
the  circuit  into  which  the  surge  is  injected,  changing  the 
waveform  and  losing  the  postulated  constant  waveform. 
This  changing  of  the  waveform  makes  it  more  difficult  to 
perform  parametric  tests,  compared  to  the  ease  of 
modeling.  Table  3 below  shows  the  results  of  such 
computations  for  the  current  waveform  of  Figures  7 and  8. 
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Table  3 

Computed  upstream  voltage  (in  kV)  necessary  to  drive  a 
current  of  the  peak  value  shown  (columns)  and  rise  time  of 
10  ps  into  a branch  circuit  of  length  as  shown  (rows), 
terminated  with  a 1 30-V  rated  varistor 


Peak 

Length 

2kA 

3 KA 

SkA 

7kA 

10  kA 

tOm 

2,3 

3,3 

5,2 

7,2 

10,1 

30  m 

5,8 

8,5 

13,9 

19,4 

27,0 

50  m 

9.3 

13.7 

22,7 

31,6 

45.0 

As  mentioned  above,  the  insertion  of  an  inductance 
in  the  load  connected  to  the  surge  generator  increased  the 
rise  time  beyond  the  standard  8 ps.  In  making  the 
parametric  computations,  we  chose  to  stay  with  this  10  ps 
value  to  maintain  continuity  with  the  test/model  validation. 

Typical  wiring  devices  used  in  120-V  installations 
have  minimum  flashover  points  in  the  range  of  5 to  8 kV 
(this  as  a result  of  prevailing  clearance  requirements  rather 
than  insulation  withstand  levels  as  recommended  by  EEC 
Publication  664  [18]).  Comparing  this  flashover  level  with 
the  voltage  values  of  Table  3 shows  that,  indeed,  there  is  a 
strong  possibility  that  within  the  range  of  current  levels  and 
branch  circuit  lengths  of  the  table,  a flashover  would  occur 
to  throttle  further  propagation  of  the  surge  toward  the 
varistor  at  the  end  of  the  branch  circuit.  In  other  words, 
postulating  ever-larger  surge  currents  into  ever-longer 
branch  circuits  leads  to  a contradiction  with  the  physical 
reality  of  the  eventual  occurrence  of  self-limiting  flashover. 
This  paradox  has  been  discussed  in  greater  details  in  a 
paper  dedicated  to  that  very  subject  [19]. 

7.  Conclusions 

1 . Reality  checks  on  the  suige  environment  can  bring 

a sense  of  perspective  and  help  developing  realistic 
standards  for  performance  and  application  of  surge- 
protective  devices.  This  perspective  can  help  avoid 
both  over-  and  under-specification. 

2.  The  proliferation  of  surge-protective  devices  in 

low-voltage  ac  power  systems  has  made  the 
recording  of  surge  voltages  practically  irrelevant  at 
best,  and  misleading  at  worst  because  the  recorders 
indicate  the  let-through  voltage  of  the  SPDs,  not  the 
impinging  surge.  Surveys  of  the  surge  environment 
should  focus  on  the  ability  (threat)  of  a surge  to 
deliver  a current  to  those  ubiquitous  surge- 
protective  devices. 

3.  Field  failure  rates  of  various  devices  for  which  the 
failure  level  is  known  can  provide  some  realistic 
and  useful  information  on  the  rate  of  occurrence  and 
level  of  surges  in  the  environment. 

4.  Modeling  the  propagation  of  surges  in  a circuit,  in 
particular  computing  the  resulting  voltages  and 
comparing  them  with  the  known  withstand  level  of 
insulation  can  provide  a restraining  influence  on 
over-specifying  surge  protection  requirements. 
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Significance: 

Part  2 Development  of  standards  - Reality  checks 

Investigations  were  conducted  in  the  US  as  well  as  in  Austria,  on  120-v  and  240-V  incandescent  lamps  to  determine 
the  levels  of  surges  that  can  trigger  an  internal  flashover  of  the  hot  filament,  resulting  in  filament  burnout. 

Repetitive  surge  application  below  the  threshold  do  not  result  in  premature  failure  of  the  lamp,  but  above  the 
threshold,  a single  application  can  trigger  a fatal  flashover.  By  combining  measurement  of  currents  and  voltage 
during  the  event  with  high-speed  video  recording,  the  mechanism  has  been  clearly  determined. 

Depending  on  the  characteristics  of  the  surge  (waveform,  amplitude,  and  timing  with  respect  with  the  power- 
frequency  sinewave),  thresholds  of  failure  range  between  800  V and  2000  V.  Very  few  bulbs  survive  surges  above 
2200  V.  Therefore,  the  conclusion  is  inescapable:  if  such  surges  were  occurring  frequently  - according  to  some 
SPD  advertizing  claims  - lamps  would  fail  very  promptly.  We  know  they  do  not,  ergo  the  alleged  frequency  of 
occurrence  is  incorrect. 
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Abstract-  The  paper  reports  a joint  investigation  of  the  failure 
modes  and  levels  of  incandescent  lamps  (“light  bulbs") 
exposed  to  surges  occurring  in  low-voltage  AC  power  systems. 
Tests  were  performed  in  one  European  laboratory  and  in  one 
U.S.  laboratory  on  typical  100-W  bulbs  used  in  the  two 
environments,  the  North  American  120-V  systems,  and  the 
230- V European  systems.  Through  complementary  tests  and 
high-speed  video  observation  of  the  flashes,  more  detailed 
understanding  of  the  parameters  has  been  obtained.  Having 
determined  what  it  takes  to  fail  a light  bulb  by  a surge,  this 
information  can  be  used  to  assess  the  surge  environment  by 
noting  that  frequent  bulb  failures  do  not  occur,  therefore 
surges  above  the  failure  threshold  must  be  infrequent. 

1.  Introduction 

Some  proposals  for  standards  on  equipment  surge  immunity  or 
on  performance  of  surge-protective  devices  are  driven  by  the 
commendable  quest  for  conservative  ratings.  However,  when 
this  quest  produces  compounded  safety  factors,  the  result 
might  not  be  cost-effective.  The  purpose  of  our  paper  is  to 
present  information  on  the  failure  mechanisms  and  levels  of 
incandescent  lamps  (“light  bulbs"  or  “bulbs”  for  short)  under 
surge  conditions,  in  support  of  the  development  of  realistic 
standards  on  the  surge  environment  in  low-voltage  ac  power 
systems.  Since  we  do  not  hear  reports  of  endemic  failure  of 
light  bulbs  beyond  what  can  be  expected  from  their  known 
service  life  [1],  we  must  conclude  that  the  reality  is  that  there 
is  not  a high  rate  of  occurrence  of  line-to-neutral  surges  at 
levels  in  excess  of  the  threshold  voltage  at  which  bulb  failure 
occurs. 

The  concept  of  applying  reality  checks  to  standards  on  the 
surge  environment  has  been  presented  in  earlier  papers  [2],  [3], 
producing  discussions  on  what  the  mechanism  of  bulb  failure 
might  be  and  how  repeatable  test  results  might  be  to  define  a 
representative  threshold.  This  interest  motivated  further 
research  into  the  subject  at  a U.S.  laboratory  where  the  initial 
measurements  were  made  and  at  an  Austrian  laboratory  for 
possible  replication. 

Therefore,  we  embarked  on  a systematic  comparison  where 
bulb  specimens  and  test  methods  would  be  identical  in  the 
two  laboratories.  The  test  bulbs  were  taken  from  two  shared 
batches,  a 120-V  type  manufactured  in  Canada,  and  a 230- V 
type  manufactured  in  Europe.  Each  laboratory  planned  to  use 
a “Combination  Wave"  surge  generator  to  apply  the  surges  to 
the  bulbs  under  similar  conditions. 

As  it  turned  out,  the  test  equipment  available  in  the  two 
laboratories  were  not  identical,  so  that  some  unavoidable 
differences  crept  into  the  initial  plan  of  exact  replication. 
However,  as  the  tests  progressed  in  the  two  laboratories, 
enough  other  significant  parameters  affecting  the  outcome 
were  found  for  a given  generator,  so  that  the  generator 
variations  became  less  significant,  and  the  final  conclusions 
cover  a range  of  parameters  rather  than  a single  threshold 


value.  This  finding  does  not  affect  the  conclusion  that  a 
pragmatic  range  of  surge  levels  can  be  identified,  beyond 
which  high  bulb  failure  rates  would  become  noticeable  (which 
historically  they  have  not  been),  thus  providing  a reality  check 
on  possible  occurrence  of  frequent  line-to-neutral  surges. 

2.  Preliminary  tests  on  120-V  bulbs 
In  these  preliminary  tests,  first  reported  in  [3]  and  summarized 
here,  the  test  circuit  used  in  the  U.S.  laboratory  consisted  of  a 
Combination  Wave  surge  generator  capable  of  applying  surges 
to  the  light  bulb  which  was  powered  through  the  back-filter 
typically  included  in  commercial  surge  generators.  The  phase 
angle  of  surge  application  with  respect  to  the  power  frequency 
sine  wave  could  be  set  at  any  value  within  360  degrees. 
Monitoring  the  event  was  performed  by  a multi-channel  digital 
oscilloscope  with  differential  voltage  probes. 

Figures  1,  2,  3,  and  4 present  oscillograms  of  the  voltage 
across  an  energized  120-V  bulb  and  of  the  current  flowing  in 
the  bulb.  Figure  1 shows  a narrow  window,  commensurate 
with  the  duration  of  the  surge  delivered  by  a 1 .2/50  - 8/20  ps 
surge  generator.  We  observe  the  chopping  of  the  voltage 
wave,  typical  of  a gap  sparkover,  and  the  rise  of  the  surge 
current  after  the  sparkover.  The  scale  of  the  current  trace 
selected  to  record  the  surge  (hundreds  of  amperes)  does  not 
show  the  normal  current  (1  A)  in  the  bulb.  Observations 
during  this  test  include  hearing  a pinging  noise  and  seeing  a 
bright  flash  of  light,  followed  by  darkness.  After  the  test,  the 
filament  can  be  seen  broken  at  one  or  both  its  points  of 
attachment  to  the  supporting  connecting  stems. 


Figure  I:  Voltage  and  current  in  bulb  during  application 
of  a 1.2/50  ps  - 8/20  p$  surge,  resulting  in  surge  sparkover 


I The  measurements  reported  in  this  paper  have  been  made  with 
instrumentation  for  which  the  combined  uncertainty  should  not  exceed  -xS^o 
to  a 5%.  Given  the  process  of  applying  the  measurement  results  to  the 
failure  levels  of  light  bulbs  exposed  to  environments  with  characteristics 
that  are  at  best  known  within  an  order  of  magnitude,  this  level  of 
uncertainty  does  not  affect  the  practical  conclusions. 
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Top  trace:  Voltage  across  bulb  terminals,  200  V/dlv 

Bottom  trace:  Current  In  bulb.  1 00  A/tiv 
Sweep:  5 ms/dSw 

Figure  2:  Voltage  and  current  to  bulb  during  application 
of  a 1-2/50  - 8/2®  ps  surge  at  30®,  with  surge  sparkover  but 
m©  power-frequency  flashover 

Figure  2 was  recorded  (with  a new  bulb)  with  a longer  window 
than  Figure  1,  so  as  to  display  three  full  cycles  of  the  power 
frequency.  At  that  sweep  rate,  the  surge  is  no  longer  resolved, 
and  its  apparent  peak  shown  on  the  trace  may  be  lower  than 
the  actual  peak  because  not  enough  data  samples  are  collected 
around  the  peak.  However,  the  timing  of  the  surge,  not  its 
amplitude  is  what  is  important  in  this  figure.  The  surge  event 
appears  as  a voltage  spike  and  a current  spike,  followed  by 
return  to  practically  normal  voltage  and  no  visible  large  power- 
frequency  current. 

Figure  3 shows  for  the  same  bulb  as  that  of  Hgure  2 the  events 
during  a subsequent  shot  under  the  same  conditions.  At  first, 
after  the  surge,  the  pattern  is  identical  to  Figure  2.  Then, 
suddenly,  a pulse  of  power-frequency  current  appears,  with  a 
large  amplitude  — the  source  of  the  observed  flash.  We 
believe  that  it  is  this  current  that  causes  the  burn-out  of  the 
filament,  not  the  “trigger”  surge.  The  randomness  of  the 
process  of  igniting  the  power  arc  is  such  that  in  the  case  of 
Hgure  2,  the  power  arc  was  not  ignited,  while  in  the 
subsequent  surge  application  on  the  same  bulb  (Hgure  3)  and 
in  the  same  conditions,  the  power  arc  was  ignited,  resulting  in 
bum-out  of  the  filament  — a threshold  situation. 


Sweep:  5 ms/div 

Figure  3:  Voltage  and  current  to  bulb  during  application 
of  a 1,2/5®  - 8/2®  ps  surge  at  30”,  resulting  to  surge  spark- 
over,  with  delayed  two-pulse  power-frequency  flashover 


Top  trace:  Voltage  across  bulb  terminals,  200  V/dlv 

Bottom  trace:  Current  In  bulb,  100  A/dfv 
Sweep:  5 ms/div 

Figure  4:  Voltage  and  current  in  bulb  during  application 
of  a 1.2/50  - 8/2®  ps  surge  at  ®”,  with  surge  sparkover  and 
delayed  single-pulse  power-frequency  flusfeowr 

As  further  evidence,  Hgure  4 shows  the  process  (in  a new 
bulb)  when  the  surge  was  applied  at  0°,  requiring  more  energy 
for  ultimately  igniting  the  power-frequency  flashover.  At  zero 
degrees,  there  is  the  least  power-frequency  voltage  to  ignite  a 
power  arc.  Hgure  4 shows  the  last  of  a seven-shot  sequence 
in  which  the  first  applied  surge  had  an  amplitude  of  1200  V. 
The  applied  surge  was  then  raised  in  100-V  steps  to  1500  V, 
still  with  pinging  heard  but  no  fatal  power-frequency  arc.  To 
explore  the  hypothesis  that  the  filament  ought  be  burned  out 
by  the  surge  energy,  we  held  the  surge  at  1500  V for  the  next 
three  shots.  Only  the  last  of  the  three  triggered  the  fatal  flash- 
over,  recorded  in  Hgure  4.  At  that  level  of  energy  deposited 
by  the  surge,  enough  plasma  was  generated  in  the  path  of  the 
surge  current  to  eventually  ignite  the  power-frequency  arc,  but 
for  that  shot  it  had  to  wait  until  the  power-frequency  voltage 
had  reached  its  peak,  again  indicating  a threshold  situation. 

To  conclude  this  summary  of  preliminary  findings,  Table  1 
shows  the  relationship  between  the  timing  of  the  surge  with 
respect  to  the  sine  wave  and  the  minimum  peak  amplitude  of 
the  surge  sufficient  to  trigger  ignition  of  the  power-frequency 
arc.  When  the  surge  is  applied  at  90  degrees  (the  peak  of  the 
sine  wave,  making  immediate  ignition  of  the  power  arc 
easiest),  a surge  of  800  V is  sufficient  to  trigger  the  power  arc. 
At  zero  degrees,  the  surge  must  be  raised  to  1500  V to  produce 
sufficient  plasma  to  result  in  a subsequent  power-frequency 
arc.  The  phenomena  are  of  course  subject  to  the  statistical 
variations  of  sparkover. 

The  values  shown  in  Table  1 are  the  lowest  of  several  tests 
performed  on  a total  of  20  bulbs  of  the  same  manufacturer, 
rated  100  W,  replicating  the  test  at  several  timing  angles.  At 
and  near  90  degrees,  the  values  were  identical,  at  and  near 
zero  degres,  there  was  up  to  200  V difference  among  tests. 
There  is  not  enough  space  in  this  paper  for  reporting  in  detail 
our  series  of  experiments  (involving  several  hundred  bulbs)  on 
other  manufacturers  and  other  watt  ratings.  These  produced 
similar  results,  so  that  our  inferences  are  not  based  on  just  the 
20  bulbs  tested  under  the  conditions  of  Table  1 . 


Table  1:  Relationship  between  timing  angle  of  the 
Combination  Wave  surge  and  fheshold  amplitude 
necessary  to  produce  fatal  power-frequency  flashover 


Angle  ®C  surge 
application 

0 

15 

30 

45 

90 

135 

150 

165 

Open-circuit 
voltage  setting  o! 
generator  (V) 

1400 

1100 

900 

800 

800 

800 

850 

1100 
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3.  Comparative  tests  at  two  laboratories 

One  of  the  motivations  for  comparing  the  tests  at  two 
laboratories  was  that  preliminary  data  indicated  some  possible 
behavior  differences  between  120-V  bulbs  and  230- V bulbs, 
as  well  as  some  differences  in  the  laboratory  facilities  and 
procedures.  To  alleviate  this  uncertainty,  researchers  on  both 
sides  of  the  Atlantic  joined  forces,  hence  the  multinational 
authorship  of  this  paper.  As  mentioned  in  the  introduction,  we 
started  out  with  the  goal  of  exact  replication  in  the  two 
laboratories:  lamps  from  the  same  manufacturing  batches, 
generators  with  similar  characteristics,  and  power-frequency 
supplies  with  comparable  available  fault  current. 

However,  practical  limitations  of  available  equipment  and 
resources  made  that  goal  elusive.  Instead,  we  then  focused  on 
identifying  similarities  in  general  behavior  rather  than  identical 
numerical  results.  We  also  recognized  that  many  independent 
parameters  would  affect  the  numerical  results.  Since  our  goal 
was  to  find  the  range  of  threshold  values  where  failures  begin 
to  occur,  our  main  concern  became  one  of  confirming  the 
initial  hypothesis  that  the  failure  was  triggered  by  a surge  and 
thus  provide  insights  on  the  surge  characteristics  at  the 
threshold  of  bulb  failures.  With  that  narrower  goal,  we  made 
some  side  experiments  by  changing  the  parameters  to  develop 
a set  of  anecdotes,  allowing  us  to  identify  the  most  significant 
parameters  of  the  surges,  and  thus  make  inferences  on  their 
(limited)  occurrence  in  the  real  world,  given  the  absence  of 
endemic  bulb  failures. 

3.1  Influencing  parameters 

The  influencing  parameters  that  we  considered  involve  lamp 
characteristics,  surge  characteristics,  and  power-frequency 
supply  characteristics.  The  list  below  is  given  as  an  indication 
of  the  possible  complexity  of  a comprehensive  experiment  — 
which  was  not  our  goal  — as  well  as  an  invitation  to  other 
researchers  who  might  be  interested  in  lamp  behavior.  Clearly 
that  level  of  detail  is  not  in  the  scope  of  an  EMC  concern,  and 
we  will  not  give  it  much  space,  save  for  a few  intriguing 
observations. 

Lamp  characteristics 

Geometry  (axial  or  longitudinal,  straight  or  c-shaped  filament); 
Base  position  (up,  down,  horizontal); 

Nature  of  the  gas  fill  (breakdown  tendency); 

Temperature  gradient  near  the  filament; 

Characteristics  of  the  fuse  contained  in  the  stem. 

Surge  characteristics 

Waveform  (peak,  duration.  Combination  or  Ring  Wave); 
Source  impedance  (ability  to  deposit  energy  in  the  arc); 
Timing  with  respect  to  power-frequency  sinewave. 
Power-frequency  supply 
Voltage; 

Available  fault  current  (ability  to  establish  stable  arc). 

3.2  Typical  test  results 

Figures  5,  6,  and  7 show  typical  recordings  obtained  at  the 
Austrian  laboratory  during  application  of  a 1.2/50  ps  • 8/20  ps 
surge  with  a peak  amplitude  sufficient  to  produce  a sparkover, 
either  immediately  or  after  a short  delay.  (In  the  figures,  the 
surge  peaks  are  not  resolved  at  the  millisecond  sweep  rate.) 

In  Figure  5,  a 230- V bulb  shows  the  occurrence  of  a single- 
pulse of  power-frequency  flashover  occurring  immediately 
after  the  surge  sparkover.  Figures  6 and  7 show  the  occurrence 
of  a delayed  flashover  with  a single  or  double  pulse,  similar  to 
the  pattern  for  120-V  bulbs,  respectively  in  Figures  4 and  3. 

The  peak  values  of  the  power-frequency  flashover  observed  in 
the  Austrian  laboratory  are  different  from  those  obtained  in  the 
U.S.  laboratory  because  the  available  generators  in  the  two 
laboratories  have  different  effective  back-filter  impedances. 


Sweep:  2.5  ms/dlv 

Figure  5:  Voltage  and  current  In  230 -V  bulb  during  appli- 
cation of  a 1.2/50  ps  - 8/20  ps  surge  at  90°.  Surge  spark- 
over is  followed  immediately  by  power-frequency  flashover 


Top  trace:  Voltage  across  bulb  terminals,  500  V/dlv 

Bottom  trace:  Current  In  bulb,  50  A/dlv 
Sweep:  2 ms/div 


Figure  6:  Voltage  and  current  in  120-V  bulb  during  appli- 
cation of  a 1.2/50  ps  - 8/20  ps  surge  at  90°.  Surge  spark- 
over and  delayed  one-pulse  power-frequency  flashover 


Sweep:  2.5  ms/dlv 

Figure  7:  Voltage  and  current  in  120-V  bulb  during  appli- 
cation of  a 1.2/50  ps  - 8/20  ps  surge  at  350°.  Surge  spark- 
over and  delayed  two-pulse  power-frequency  flashover 
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Table  2 shows  a summary  of  test  results  obtained  in  the 
Austrian  and  U.S.  laboratories  for  120-V  bulbs  and  230-V 
bulbs,  under  various  parameters  of  surge  application.  These 
results  show  some  differences  in  the  thresholds  for  the  tests 
conducted  on  the  same  type  of  bulbs. 


Table  2 - Comparison  of  results 
from  Austrian  and  U.S.  laboratories 


Austrian  Laboratory 

U.S.  Laboratory 

Lamp 

Type 

Surge  type 
Source  Imp. 

Angle 

Typical 

threshold 

Surge  type 
Source  Imp. 

Angie 

Typical 

threshold 

120  V 
100W 

‘Combination’ 
24  0 

90 

30 

1100V 

1400V 

Combination 

2D 

90 

30 

800  V 
1500  V 

Ring  Wave 
220 

90 

SO 

1600  V 
2600  V 

Ring  Wave 
12  0 

90 

2100  V 

230  V 
100W 

r= 75  W) 
(**40  W) 

‘Combination’ 
24  0 

90 

SO 

2200  r* 

2800  V 

‘Combination’ 

too 

90 

1800  V 

Ring  Wav® 
220 

90 

3100  V 

Ring  Wave 
300 

90 

2200  V 

The  differences  in  the  threshold  levels  observed  for  the  two 
types  of  lamps  shown  in  Table  2 are  likely  the  results  of  many 
parameters,  as  listed  in  paragraph  3.1.  One  is  probably  the 
filament  configuration.  In  the  120-V,  100-W  bulbs,  the 
filament  is  a 22  mm  long  straight  section  strung  between  the 
two  stems,  with  a single  support  at  mid-span  which  docs  not 
affect  the  straight  line  aspect.  This  configuration  offers  the 
easiest  path  for  a sparkover  to  occur.  In  the  230-V,  100-W 
bulbs,  the  25  mm  long  filament  has  a shallow  c-shape  obtained 
by  two  intermediate  supports  that  deflect  the  filament  from  a 
straight  line  between  the  two  stems.  This  configuration  creates 
a slightly  longer  path  (than  that  of  the  120-V  bulbs.  In  a few 
anecdotal  tests  on  a 1 20-V  40-W  bulb  which  has  a 40  mm  long 
horseshoe  shape,  we  found  that  sparkover  occurs  along  the 
filament  or  straight  from  stem  to  stem,  typically  about  4000  V . 

Another  possible  reason  for  the  higher  threshold  voltages 
found  in  the  Austrian  laboratory  using  its  “Combination 
Wave”  generator  might  be  that  its  source  impedance  is  24  Q, 
compared  to  the  Combination  Wave  generator  used  in  the  U.S. 
laboratory,  with  its  conventional  2 D source  impedance.  The 
difference  will  be  in  the  surge  current  following  sparkover, 
creating  less  plasma  in  the  case  of  the  Austrian  laboratory,  and 
therefore  requiring  a higher  surge  voltage  to  ignite  the 
flashover.  Nevertheless,  oscillograms  show  similar  patterns. 

4.  High-speed  video  observations 

On  the  basis  of  the  oscillograms,  the  most  likely  mechanism 
which  we  could  propose  was  that  a sparkover  occurs  when  a 
surge  of  sufficient  voltage  amplitude  is  applied,  producing  an 
ionized  path  which  enables  the  much  lower  power-frequency 
voltage  to  initiate  an  arc.  In  turn,  this  arc  would  produce 
enough  heat  at  its  point  of  attachment  to  cause  local  melting 
of  the  filament.  During  discussions  with  colleagues,  other 
possible  mechanisms  were  mentioned,  such  as  a local  melting 
of  the  filament  caused  by  the  surge  current  alone,  mechanical 
shock  on  the  hot  filament,  and  the  possibility  that  the  reigni- 
tioms  of  the  power-frequency  arc,  such  as  that  of  Figure  2 and 
7 might  be  associated  with  a broken  filament  that  would 
oscillate  and  sweep  by  the  stem  close  enough  for  a reignition. 

In  an  attempt  to  settle  this  uncertainty,  we  obtained  a high- 
speed video  system  consisting  of  two  image  converters,  a 
digital  acquisition  memory,  display  monitor,  and  video 
recorder.  The  image  converters  had  a capability  of  1000  full 
frames  per  second,  with  the  possibility  of  multiple  scans  of  a 
limited  field  during  the  1 ms  basic  full-frame  scam  time. 


Figure  8 shows  the  arrangement  of  the  two  converters,  with  the 
left  converter  (L)  controlled  to  perform  four  scans  limited  to 
the  filament  area,  and  the  right  (R)  converter  controlled  to 
perform  a full-frame  view  of  the  filament  and  fuse  contained 
in  the  base  stem  of  the  bulb.  The  recording  system  was 
triggered  by  a signal  from  the  surge  generator,  providing  the 
beginning  of  the  recording  a few  milliseconds  before  the  surge, 
and  lasting  about  100  ms  after  the  surge. 


Figure  8:  Arrangement  of  image  converters  to  scan  spark- 
over and  flashover  limited  to  the  filament  (L)  and  a full 
frame  (R)  including  the  base  where  the  fuse  is  located 


With  this  arrangement,  recordings  such  as  those  shown  in 
Figure  9 and  Figure  10  were  obtained.  As  an  example  of  many 
oscilloscope  recordings.  Figure  9 shows  the  electrical  record 
of  the  failure  of  a 230-V,  100-W  bulb  triggered  by  a 100  kHz 
Ring  Wave  applied  60  electrical  degrees  after  the  zero 
crossing.  At  time  Tl,  sparkover  of  the  filament  occurs, 
accompanied  in  this  case  by  immediate  flashover  of  the  power 
frequency  arc,  which  rises  to  a first  peak  at  T2,  about  2.3  ms 
after  its  beginning.  At  that  time,  the  current  is  throttled  while 
the  voltage  increases  sharply,  indicating  operation  of  the  fuse. 
The  fuse  does  not  force  a current  zero  at  time  T3,  but  allows  a 
second  peak  of  current  at  time  T4,  before  decaying  to  a natural 
current  zero  at  time  T5. 

This  type  of  oscilloscope  recording  was  the  only  one  that  was 
available  until  the  video  system  was  obtained.  From  such 
oscillograms  we  could  only  draw  speculative  inferences  on  the 
mechanism  and  behaviour,  hence  the  motivation  to  enhance 
our  tests  by  video  recording.  Figure  9 shows  the  voltage 
across  the  lamp  terminals  (top  trace)  and  the  current  through 
the  lamp  (bottom  trace).  With  the  sweep  set  to  cover  2 cycles 
of  the  power  frequency,  neither  the  surge  voltage  nor  the  surge 
current  are  resolved  in  this  oscillogram.  In  this  test  series 
performed  after  the  preliminary  series,  a separate  oscilloscope 
with  faster  sweep  was  used  to  record  the  surge  voltage  and  the 
surge  current,  as  was  done  in  the  case  of  Figure  1.  To 
conserve  space,  these  surge  recordings  are  not  shown  here,  but 
the  peak  values  of  the  resulting  sparkover  voltages  recorded  by 
the  second  oscilloscope  are  listed  in  Table  2 in  the  column 
‘Typical  threshold”. 

We  now  will  examine  in  Figure  10,  opposite  page,  four  frames 
of  video  recording  corresponding  to  the  electrical  record  of 
Figure  9.  The  left  half  of  the  screen  shows  four  scans  from 
converter  L of  Figure  8,  proceeding  from  top  to  bottom  and 
each  scanned  in  250  ps.  The  right  side  of  the  screen  shows  the 
full  frame,  scanned  over  a period  of  1 ms.  The  timing  of  the 
frame  is  shown  in  the  lower  right  comer  of  the  picture,  such  as 
“ET  + 0000000010"  which  indicates  the  1 ms  window  during 
which  the  surge  was  initiated.  Other  descriptive  data  in  the 
margins  are  not  significant  to  our  story.  Figure  10  shows  the 
four  frames  respectively  in  the  sequence  from  top  to  bottom 
for  0-1  ms;  1-2  ms;  2-3  ms;  and  4-5  ms. 
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Top  trace:  Voltage  across  bulb  terminal,  200  V/dlv 

Bottom  trace:  Current  in  bulb,  20  A/dlv 
Sweep:  5 ms/dlv 

Figure  9:  Failure  of  a 230-V,  100-W  bulb  triggered  by  a 
100  kHz  Ring  Wave  applied  at  30°,  showing  fuse  operation 

In  the  first  frame,  0-1  ms,  the  Ring  Wave  sparkover  is  not 
visible  because  of  its  relatively  low  intensity/duration.  The  first 
250-ps  scan  (top)  of  the  left  side  shows  only  the  filament 
glow.  Starting  with  the  second  scan,  the  beginning  of  the 
flashover  (time  T1  in  Figure  9)  is  visible,  while  the  right  side 
scan,  adjusted  for  less  sensitivity,  only  shows  the  filament 
glow  without  the  flashover  beginning. 

In  the  second  frame,  the  flashover  growth  is  visible  on  the  four 
left  scans  (T1-T2  in  Figure  9),  while  the  right  scan  now  has 
enough  light  integrated  over  the  full  1 ms  time  to  show  the 
flashover. 

In  the  third  frame,  the  first  two  (top)  left  scans  still  show  the 
flashover  around  the  filament,  but  the  last  two  (bottom)  scans 
show  the  flashover  current  being  starved  as  the  fuse  in  the 
lamp  base  begins  to  operate  and  transfers  the  current  to  the 
space  around  the  fuse.  This  corresponds  to  the  time  T2-T3  in 
Figure  9.  The  right  side  scan  shows  the  beginning  of  the  glow 
in  the  base  of  the  lamp  as  the  current  around  the  fuse  grows. 

In  the  fourth  frame,  the  four  left  scans  show  the  filament  still 
glowing,  but  unchanged  (not  yet  broken),  while  the  right  scan 
shows  the  integrated  glow  of  the  fuse  operation,  corresponding 
to  the  time  interval  T4-T5  of  Figure  9. 

These  four  frames,  typical  of  many  others  recorded  during  our 
experiments,  clearly  show  the  mechanism  of  a flashover  at  the 
power-frequency  current,  and  in  this  particular  test  sequence, 
the  operation  of  the  fuse  in  the  base  of  the  bulb.  Other  records 
taken  with  different  light  sensitivity  show  an  intense  glow  near 
the  connection  of  the  filament,  where  the  arc  is  concentrated 
at  its  point  of  attachment  (the  cathode  hot  spot)  while  the  path 
around  the  filament  is  more  diffuse.  The  concentrated  heat 
near  the  point  of  attachment  eventually  causes  a local  melting 
of  the  filament.  In  other  records,  the  filament  is  then  seen 
separating  from  the  stem  and  slowly  falling  in  the  time  frame 
of  about  20-50  ms  after  the  flashover. 


Figure  10:  Sequence  of  flashover  and  fuse  operation 
corresponding  to  the  oscillogram  of  Figure  9 
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Observation  of  the  failure  mechanisms  and  the  levels  of  surges 
necessary  to  trigger  the  fatal  power-frequency  flashover  as 
recorded  in  the  two  laboratories  are  consistent  with  each  other 
and  point  out  that  a two-stage  process  is  involved  at  lower 
amplitudes  of  the  impinging  surge,  as  shown  by  the  video 
recordings  and  inspection  of  the  oscillograms. 

When  the  surge  current  ceases,  and  after  some  variable  delay 
influenced  by  the  instantaneous  voltage  of  the  power  system 
voltage  at  that  time,  a flashover  fed  from  the  power-frequency 
source  occurs  along  the  path  pre-ionized  by  the  surge  plasma. 

It  is  noteworthy  that  the  path  along  the  Filament  is  longer  than 
the  clearance  between  the  two  stems  as  they  emerge  from  the 
glass  envelope  at  the  base  of  the  bulb  and  yet  the  sparkover 
and  the  flashover  occur  at  the  longer  (but  hotter)  clearance 
along  the  filament.  By  comparison,  we  found  that  a surge 
sparkover  in  a cold  bulb  which  is  not  energized  occurs  for  a 
much  higher  surge  level,  typically  in  the  order  of  5 kV  to  6 kV, 
and  that  sparkover  in  that  case  does  not  occur  near  the  filament 
but  at  the  point  where  the  metal  stems  emerge  from  the  glass 
base,  the  shortest  clearance. 

According  to  this  understanding  of  the  mechanism,  we  can 
expect  that  a surge  with  a different  waveform,  the  100-kHz 
Ring  Wave  for  instance,  would  require  a different  level  to 
produce  a sufficient  amount  of  plasma  necessary  for  ignition 
of  the  power-frequency  arc.  This  is  indeed  the  case  as  seen  in 
Table  2.  Applying  the  100-kHz  Ring  Wave,  sparkover  can 
occur  for  open-circuit  levels  as  high  as  3 kV  (pinging  is  heard) 
but  without  the  following  power-frequency  flashover.  Thus, 
the  assessment  of  the  surge  environment  severity  given  by  the 
thresholds  of  bulb  failure  not  only  tracks  the  amplitude  of  the 
surge  but  also  its  waveform.  There  is  a blessing  as  well  as  a 
curse  in  this  situation:  the  assessment  we  can  obtain  reflects 
the  energy-delivery  capability  of  the  surge  as  well  as  the  peak 
voltage  level  of  the  surge.  The  two  are  not  separable  and  thus 
the  information  remains  imprecise,  but  still  valuable  as  giving 
an  indication  of  the  severity  of  the  surge  environment. 

This  application  of  bulb  failure  levels  to  assess  the  surge 
environment  must  be  made  with  the  understanding  that  it  rests 
on  observations  of  in-use  failure  rates,  a common  experience 
to  millions  of  users,  noted  before  the  proliferation  of  surge- 
protective  devices  (SPDs).  Nowadays,  the  observed  surges  in 
low-voltage  power  systems  are  much  lower  than  the  threshold 
levels  identified  in  this  paper  for  bulb  failures  because  of  this 
proliferation  of  SPDs  [4],  [5]. 

It  should  also  be  noted  that  this  assessment  is  limited  to  the 
surges  occurring  in  the  line-to-neutral  mode  at  the  location  of 
die  bulb.  Depending  upon  the  neutral  grounding  practices  of 
the  installation,  surges  impinging  at  the  service  entrance  will 
propagate  toward  the  victim  light  bulb  in  different  manners. 
In  the  U.S.  practice,  where  the  neutral  and  earth  conductors  are 
bonded  at  the  service  entrance,  a surge  impinging  from  the 
power  system  in  the  common  mode  is  converted  into  a 
differential  mode,  that  is,  a line-to-neutral  surge  is  always 
applied  to  the  bulb.  In  some  countries  where  the  service 
entrance  bond  is  not  present,  an  impinging  surge  in  the 
common  mode  remains  as  such  as  it  propagates  within  the 
house  wiring,  and  thus  the  stress  applied  to  the  bulb  from  an 
external  surge,  such  as  a lightning-induced  surge,  may  have 
different  consequences  for  the  light  bulb.  This  point  is 
important  and  should  serve  as  a reminder  of  the  significant 
differences  in  the  effectiveness  of  surge-protection  schemes 
according  to  the  grounding  practices  in  use  among  different 
countries. 


6.  Conclusions 

Ughl  bulbs  failures  levels  and  mechanism 

1 . The  principal  failure  mode  of  light  bulbs  involves  a power- 
frequency  flashover  triggered  by  the  surge  which  produces 
a sparkover  and  sufficient  plasma  around  its  path  to  ignite 
an  arc  fed  by  the  power-frequency  source.  This  arc  then 
melts  the  filament  at  its  point  of  attachment.  High-speed 
video  recordings  confirm  tentative  conclusions  derived 
from  observation  of  the  current  and  voltage  oscillograms. 

3.  The  surge  level  necessary  to  trigger  the  power-frequency 
flashover  depends  on  the  phase  angle  of  the  surge  with 
respect  to  the  power-frequency  sine  wave.  When  applied 
near  the  peak  voltage,  the  necessary  voltage  may  be  less 
than  1 000  V peak  for  an  8/20  surge.  When  applied  near 
zero  crossing,  the  necessary  voltage  may  be  twice  that 
sufficient  near  the  peak. 

4.  Tests  performed  at  two  different  laboratories  show  good 
agreement  on  the  mechanism,  with  some  differences 
attributable  to  some  differences  in  the  surge  generators 
which  could  not  be  matched  exactly.  Such  a difference 
serves  to  show  that  the  phenomenon  covers  a range  of 
thresholds,  not  a single  sharp  value. 

5.  For  surges  with  high  energy  delivery  capability,  such  as  the 
1.2/50-8/20  ps  Combination  Wave,  typical  12Q-V  bulbs 
experience  failures  with  surges  as  low  as  800  V under  the 
most  sensitive  phase  angle  of  timing.  For  typical  230- V 
bulbs,  the  corresponding  level  is  as  low  as  1800  V. 

6.  For  surges  with  low  energy  delivery  capability,  such  as  the 
100  kHz  Ring  Wave,  typical  120-V  bulbs  experience 
failures  with  surges  as  low  as  2100  V under  the  most 
sensitive  phase  angle  of  timing.  For  typical  230-V  bulbs, 
the  level  at  the  most  sensitive  time  is  as  low  as  2200  V. 

Application  to  standards  on  the  surge  environment 

Knowledge  of  failure  mechanisms  of  light  bulbs  and  the  levels 
at  which  failure  occurs  in  a surge  environment  brings  a sense 
of  perspective  and  helps  developing  realistic  assessment  of  the 
surge  environment  because  surge-induced  failures  are  rare. 
From  this  assessment,  proposed  standards  for  performance  and 
application  of  surge-protective  devices  can  be  reconciled  with 
reality  and  avoid  under-  or  over-specification  of  the  devices. 
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Significance: 

Part  2 Development  of  Standards  - Reality  checks 

Caught  among  contradictory  stories  on  the  need  for  surge  protection  as  well  as  unsupported  anecdotes  of  surge- 
related  failures,  the  typical  consumer  is  in  a quandary  on  how  to  best  allocate  personal  resources  to  protect  the 
expensive  electronic  equipment  found  in  a modem  household. 

To  help  provide  some  answers  to  this  quandary,  a team  of  experts  developed  and  engineering  guide  on  the  basics 
of  surge  protection.  One  of  the  recommendations  addresses  the  issue  of  ineffective  configuration  of  utility 
connections  that  are  responsible  for  surge-induced  failures.  This  paper  served  as  a progress  report,  documenting 
the  status  of  the  project  at  the  end  of  1996.  An  update  on  this  project  was  reported  under  Key  et  al.  1999,  which  is 
included  in  Part  6 of  this  Anthology 
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Abstract 

Caught  among  contradictory  stories  on  the  need  for  surge  protection  as  well  as  unsupported  anecdotes  of  surge- 
related  failures,  the  typical  consumer  is  in  a quandary  on  how  to  best  allocate  personal  resources  to  protect  the 
expensive  electronic  equipment  found  his  in  a modem  household.  To  help  provide  some  answers  to  this 
quandary,  a team  of  experts  is  currently  developing  a practical  application  guide  on  the  basics  of  surge 
protection,  providing  a tutorial  suitable  for  the  “average  consumer.”  This  paper  shows  how  the  guide  intends 
to  take  the  reader  through  the  thicket  of  surge  protective  devices  and  applications. 

The  guide  covers  a range  of  application  issues  from  basic  information  on  the  occurrence  of  lightning  and 
switching  surges  to  the  selection  of  cost-effective  and  technically  sound  mitigation  methods.  It  explains  how 
protection  applications  must  be  suitable  for  the  geographic  area  (lightning  flash  density),  power  distribution 
type  (urban  or  suburban),  and  grounding  practices  (recent  NEC  or  grandfather).  The  ultimate  goal  is  that  the 
guide  will  become  the  basis  for  better  mitigation  practices,  will  decrease  losses  and  the  number  of  loss  claims, 
and  will  reduce  the  fear  and  frustration  levels  among  end-users  relative  to  surge-related  upset  or  damage  to 
their  appliances  and  electronics. 


Introduction 

Each  year  lightning  is  estimated  to  be  responsible  for  250  to  500  million  dollars  in  property  damage 
in  the  United  States.  This  estimate  is  based  on  an  analysis  of  insurance  claims  compared  to  cloud- 
to-ground  lightning  flash  data  by  operators  of  the  National  Lightning  Detection  Network,  described 
by  Byerley  et  al  [1].  Since  about  1 989  this  system  has  provided  a very  accurate  count  and  location 
of  lightning  flashes  to  ground  and  of  the  resultant  ground  flash  density  in  the  United  States.  For 
some  insurance  companies  the  data  have  been  used  to  confirm  or  deny  lightning  damage  claims. 

An  analysis  of  5500  detailed  claims  found  more  than  half  of  the  loss  was  related  to  telephone  and 
electronic  appliances.  Considering  that  many  of  these  losses  are  preventable,  the  insurance 
companies  that  pay  millions  of  dollars  per  year  replacing  lightning-  or  other  surge-damaged 
appliances  are  highly  motivated  to  help  prevent  such  damage.  As  a first  step  toward  minimizing 
surge  damage,  State  Farm  Insurance  Companies,  Illinois  Power,  and  EPR1  have  joined  forces  to 
devise  a recommended  practice  for  residential  surge  protection,  wiring,  and  grounding.  To  achieve 


* Electricity  Division,  Electronics  and  Electrical  Engineering  Laboratory,  Technology 
Administration,  U.S.  Department  of  Commerce.  Contributions  from  the  National  Institute  of 
Standards  and  Technology  are  not  subject  to  United  States  copyright. 
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Figure  1.  Typical  candidate  appliances  and  systems  for  surge  protection  in  a residence 

this  goal,  the  project  team  is  completing  three  specific  tasks:  1 ) initial  fact-gathering,  2)  a workshop 
to  discuss  surge  protection  issues,  and  3)  completion  of  the  manual  of  recommended  practice. 

A typical  modem  residence  contains  many  electronic  and  multi  port  appliances.  In  order  to  identify 
specific  protection  practices,  a typical  residence  was  defined  with  electronic  appliances  and  systems 
illustrated  in  various  rooms  as  shown  in  figure  1 . The  main  systems  are  home  entertainment 
including  cable  TV,  home  office  including  telephone,  and  electronic  kitchen  appliances.  Other 
common  vulnerable  systems  are  home  security,  intercom,  satellite  receiver,  garage  door  opener, 
and  laundry  equipment.  Generally,  any  system  with  micro-electronics  plus  exposure  due  to  power 
and  signal  wiring  can  be  found  in  lightning  damage  claim  reports. 

Technical  inputs  were  gathered  on  the  expected  surge  threat  and  the  key  elements  of  protection. 
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These  including  lightning,  surge  propagation,  grounding,  surge  protection  practice,  and  built-in 
appliance  immunity.  The  workshop  was  successful  in  building  consensus  despite  the  fact  that 
different  experts  had  different  backgrounds  and  experiences.  At  the  end  all  agreed  on  essential 
principles  of  how  to  protect  sensitive  equipment.  However,  specific  devices  and  procedures  that 
could  be  applied  case  by  case  were  more  difficult  to  obtain.  Also,  there  is  currently  no  information 
about  compatibility  levels  and  points  of  vulnerability  for  many  modern  residential  electronic 
appliances  and  systems.  Consequently,  specific  installation  methods  and  precise  recommendations 
on  how  to  protect  these  electronic  systems  from  surge  threats  are  not  yet  fully  developed. 

A few  appliances  seem  to  have  varying  susceptibility  to  surges.  The  most  notable  losses,  according 
to  insurance  claim  records,  are  telephones  and  modems,  computerized  equipment,  TV,  VCR  and 
satellite  receiver  systems.  These  are  generally  multi-port  appliances — that  is,  appliances  connected 
to  several  different  systems,  such  as  an  entertainment  center  connected  to  power,  cable,  and 
telephone  or  a security  system  connected  to  power,  sensor,  and  control.  These  multiple 
connections,  and  the  likelihood  of  potential  differences  between  them,  are  believed  to  be  major 
factors  in  surge  damage  susceptibility  of  many  residential  appliances  and  systems. 


Essentials  of  Surge  Protection 

Lightning  is  not  the  only  threat,  but  remains  a dominant  one..  Most  of  the  Continental  United  States 
experience  at  least  two  cloud-to-ground  (C-G)  flashes  per  square  kilometer  per  year.  About  one  half 
of  the  area  will  see  three  C-G  flashes  per  km2,  which  is  equivalent  to  about  10  discharges  per 
square  mile  per  year.  The  maximum  flash  densities  are  found  along  the  southeastern  Gulf  Coast 
and  the  Florida  peninsula,  where  the  values  approach  20/km2  or  50/mi2.  Overall  about  30  million 
C-G  flashes  strike  the  United  States  each  year,  and  lightning  is  clearly  among  the  nation’s  most 
severe  weather  hazards. 

In  high  lightning  areas,  perhaps  a threshold  of  three  C-G  flashes  per  square  km  per  year,  some 
degree  of  structural  lightning  protection  is  recommended.  This  threshold  may  be  economically 
justified  by  the  growing  value,  and  vulnerability,  of  residential  electronic  systems.  There  is  good 
information  available  on  how  to  accomplish  this  protection.  Basic  lightning  protection  practices  are 
well  defined  in  the  Lightning  Protection  Code,  NFPA  780.  An  illustration  of  the  basic  elements  of 
this  protection  is  provided  in  figure  2.  These  protection  techniques  will  not  eliminate  surges  that 
enter  the  residence  either  via  different  wiring  systems — including  the  grounding  electrode 
system — or  coupled  into  wiring  from  nearby  flashes.  In  addition  to  the  lightning  threat,  some  basic 
household  appliances  can  act  as  surge  generators,  for  example  a light  switch  or  a furnace  igniter. 

Protection  against  these  surges  can  take  several  forms.  The  possibilities  are:  preventing  the  surge 
at  its  origin  (impossible  for  lightning  and  difficult  for  surges  associated  with  normal  operation  of  the 
power  system),  diverting  the  surge  to  ground  as  it  impinges  on  the  building,  before  it  enters  the 
building  (the  most  effective  approach),  and  finally,  clamping  by  a surge  protective  device  (SPD)  at 
the  equipment  (either  by  an  add-on,  plug-in,  or  built  in  SPD).  Of  these  three  approaches,  only  the 
service  entrance  and  add-on  SPDs  are  options  available  to  the  end-user.  Service  entrance 
protection  may  be  offered  by  the  local  utility.  If  not,  a licensed  electrical  contractor  may  offer 
installation  service.  In  either  case  installation  of  service  entrance  protection  must  be  done  by  a 
professional.  Various  locations  for  power  line  or  transient-voltage  surge  suppressors  (TVSS)  are 
shown  in  figure  3. 
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Legend 

1 . Air  terminal  spaced  6 meters  (20  feet)  apart  along  ridges  and  within  0.6  meter  (2  feet)  of 
ridge  ends 

2.  Down  conductors  (minimum  of  two) 

3.  Grounding  rods;  minimum  of  two,  at  least  3 meters  (10  feet)  deep 

4.  Roof  projections  such  as  weather  vanes  connected  to  grounding  system 

5.  Air  terminals  located  within  0.6  meter  (2  feet)  of  outside  corners  of  chimney 

6.  Dormers  protected  with  air  terminals 

7.  Antenna  mast  bonded  to  roof  ground  conductor 

8.  Gutters  and  other  metal  objects  bonded  to  grounding  system 

9.  Surge  arrester  installed  at  service  panel  to  protect  appliances 

10.  Transient  voltage  surge  suppressors  installed  at  receptacles  powering  sensitive  electronics 

Figure  2.  Typical  comprehensive  lightning  protection  of  a residence  (reprinted  with  permission 
from  Underwriters  Laboratory  Inc.) 


Power  Line  Surge  Protectors 

Service  Entrance  Arresters  ©,©,©,© 
Branch  Circuit  Suppressor  © 
Receptacle  Plug-in  Suppressor  © 
Plug  Strip  with  Suppressor  © 


Figure  3.  Options  for  power-line  surge  protection  in  a residence 
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Basics  of  Application 

A fundamental  application  issue  in  surge  protection  is  grounding.  Proper  grounding  is  critical  for 
the  case  of  ground-seeking  surges  such  as  lightning  currents.  However,  even  more  critical  for  multi- 
port  appliances  or  systems  is  the  difference  in  ground  reference  between  port  connections.  This 
vulnerability  issue  is  addressed  in  the  National  Electric  Code  (NFPA  70),  which  requires  that  the 
grounding  conductors  of  all  systems  entering  a facility  be  bonded  together.  As  shown  in  figure  4 
(left),  a split  bolt  is  used  to  bond  different  system  grounding  conductors  to  the  power  system 
grounding  electrodes.  Unfortunately  this  bonding  is  not  always  done  and  a common,  but  incorrect 
and  dangerous  to  personnel  and  equipment,  scenario  is  shown  in  figure  4 (right). 


#6  AWG  to  ground  bus 


When  steel  conduit  all 
ends  of  the  conduit 
shall  be  bonded  to  the 
grounding  wire. 


■ A single  ground 
rod,  may  or  may 
not  be  less  than 
25  ohm.  as 
required  by  code 


Each  service  has  its  own 
ground  rod  and  none  are 
connected  together 


Figure  4 - Minimum  code-required  service  grounding  (left)  and  commonly  found,  but  incorrect 
grounding  of  existing  house  (right) 

The  incorrect  grounding  of  the  house,  figure  4 right  side,  was  identified  by  the  study  group  as  the 
primary  problem  in  residential  system  surge  protection.  Even  with  independent  surge  protection  of 
the  power  and  communications  ports,  smart  electronic  appliances  are  left  vulnerable  to  surges. 
During  a surge,  an  elevation  of  only  one  of  the  port  reference  potentials  relative  to  the  other(s)  can 
upset  or  damage  appliances.  The  problem  is  depicted  in  figure  5,  which  shows  the  connection  of 
a facsimile  machine  (FAX),  to  both  the  power  system  and  communication  system.  The  SPD  (also 
called  TVSS  in  the  industry  jargon)  on  the  power  port  of  the  FAX  can  be  built-in  or  installed 
externally  by  the  end  user.  The  arrester  at  the  service  entrance,  shown  in  dotted  lines,  may  or  may 
not  be  present.  According  to  standard  practice,  the  telephone  company  has  installed  a network 
interface  device  (NID)  at  the  point  of  entry.  The  NID  is  installed  primarily  to  protect  the  telephone 
system  and  human  users  from  hazards  of  faults  and  surges  that  travel  from  the  premises  toward 
the  telephone  system,  rather  than  to  protect  from  surges  impinging  from  the  telephone  system  into 
the  premises.  Nevertheless,  should  a surge  impinge  on  the  telephone  system,  the  NID  will  divert  it 
to  ground,  in  this  case  the  nearest  cold  water  pipe. 

Consider  the  case  of  a surge  impinging  on  the  entrance  of  the  telephone  system.  The  surge  current 
shown  as  “Surge  i”  in  figure  5 flows  in  the  long  path  from  the  entrance  of  the  telephone  system  to 
the  grounding  point  in  common  with  the  power  system  entrance.  The  inductance  of  this  path  is 
typically  tens  of  micro-henries,  and  the  surge  current  can  rise  to  several  hundred  amperes  in  one 
microsecond.  The  resulting  voltage  drop  along  the  current  path  from  the  telephone  port  to  ground 
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is  L x di/dt  (voltage  elevation  at  the  FAX  communications  port).  In  contrast,  the  FAX  power  port  is 
not  affected  by  the  surge  because  none  of  the  power  port  conductors  carry  any  surge  current. 
Assuming  10  pH  for  L and  500  A/ps  for  di/dt,  the  voltage  drop  that  appears  between  the  power  port 
and  telephone  port  of  the  FAX  is  Vdifference  = 10  pH  x 500  A/1  ps  = 5000  V.  This  voltage  is  likely 
sufficient  to  cause  a flashover  on  the  printed  circuit  boards,  or  a semiconductor  failure  in  the  FAX. 
Most  FAX  failures  can  be  readily  explained  by  the  elevated  reference  potential  associated  with 
independent  surge  protection  of  the  two  ports. 


Figure  5.  Surge  voltage  potential  difference  develops  between  two  protected  ports  of  appliance 
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The  recommended  practice  to  avoid  the  problem  discussed  above  is  an  “intersystem  bonding  point,” 
as  shown  in  figures  6 and  7.  This  approach  addresses  the  issue  on  a facility  basis.  The  two 
services,  power  and  telephone,  must  enter  at  the  same  point  and  must  be  bonded  together  at  that 
point.  The  NEC  requires  bonding  together  the  two  service  grounds,  but  does  not  require  entry  at  the 
same  point.  As  shown  in  figure  5 system  bonding  is  provided  by  the  cold  water  pipe,  which  is 
electrically  common  to  both  services.  But  the  voltage  potential  difference  still  occurs  because  of  the 
separated  entry  points.  Figure  7 shows  the  details  of  how  an  inter-service  bonding  point  might  be 
constructed  and  installed. 


INTERSYSTEM  BONDING  POINTS  6"x  6” 
x 3”  weatherproof  box  with  a 6 position 
grounding  lug  suitable  for  #14-  #6  wire.  Labels 
shall  be  permanently  attached.  This  is  for 
connection  of  telephone,  television,  and  radio 
antenna  grounding  wires. 


TO  GROUND  BUS  IN  PANEL 


ELECTRICAL  METER 


CONDUIT  FOR  GROUNDING 
ELECTRODE  CONDUCTOR 

#6  AWG  BARE  COPPER 
GROUNDING  ELECTRODE 
WIRE 


SPLIT  BOLT 

WEATHERTIGHT  FITTING 


GROUNDING  BUSHING  USEI 
yJz  FOR  METALLIC 
ONLY 


X SPLIT  BOLT 


Figure  7.  Details  of  the  essential  intersystem  bonding  point 

Beyond  grounding,  for  a surge-protective  device  (SPD)  to  be  effective  it  must  provide  a protective 
level,  or  surge  clamping,  below  a level  potentially  harmful  to  the  equipment.  But  the  level  should 
not  be  so  low  that  the  device  absorbs  energy  to  the  point  that  its  life  is  reduced  or  it  fails  prematurely 
under  the  stresses  resulting  from  a temporary  overvoltage.  This  principle  holds  for  power,  signal, 
telephone  or  cable,  albeit  at  different  threshold  levels.  The  SPD  must  also  have  a surge  current 
handling  capability  commensurate  with  the  surge  currents  that  might  occur  at  that  location. 

The  application  of  an  SPD  satisfying  the  criteria  cited  above  must  also  take  into  consideration  the 
rest  of  the  circuit  where  the  device  is  to  be  applied.  For  instance,  operation  of  the  SPD  must  not 
cause  adverse  side  effects.  In  the  case  of  protection  of  load  equipment  which  is  connected  to  the 
power  system  as  well  as  to  a communication  system  (telephone,  cable  or  satellite  TV)  particular 
attention  must  be  given  to  this  issue.  It  is  possible  that  protecting  the  two  interfaces  of  the 
equipment,  each  with  a separate  SPD,  might  leave  the  equipment  in  jeopardy  as  the  result  of 
overvoltages  appearing  between  the  two  separate  systems,  see  Key,  Martzloff,  [2,3]. 

Because  effective  operation  of  an  SPD  involves  diverting  the  surge  to  ground,  the  actual  grounding 
system  and  its  connections  in  a residence  must  be  taken  into  consideration.  The  impedance  of  the 
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grounding  system  to  “true  earth"  is  far  less  important  than  the  integrity  of  the  bonding  of  the  various 
parts  of  the  grounding  system.  As  noted  earlier  the  worst  possible  mistake-and  a violation  of  the 
NEC-is  to  provide  separate  grounds  for  the  power  system  and  for  the  communications  system. 
Even  so,  many  instances  are  found  of  such  multiple  grounding  practice  in  residences,  either 
intentionally,  or  by  accident.  A typical  example  is  services  such  as  cable  TV  that  used  the  metal 
pipe  of  an  outdoor  faucet  as  its  grounding  connection.  This  arrangement  was  an  acceptable  ground 
at  the  time  of  installation,  but  can  easily  be  defeated  when  the  water  piping  inside  or  outside  the 
house  is  replaced  with  plastic.  So  an  improper  separation  of  grounds  is  camouflaged  by  the  short 
link  of  steel  pipe  going  through  the  foundation  wall  and  sealed  in  the  concrete. 


Figure  8.  Cascade  arrangement  of  upstream  and  downstream  SPDs 


Open  and  Unresolved  Issues 

Several  issues  remain  open  at  this  point  and  will  be  addressed  in  the  Guide.  We  hope  that  the 
Guide  will  resolve  some  of  these  issues,  but  others  might  take  more  research  to  resolve.  In  some 
cases  an  iterative  process  will  be  required  among  end-users,  utilities,  and  equipment  manufacturers 
to  optimize  the  process  instead  of  exchanging  blame. 

One  important  problem  that  can  be  resolved  by  future  research  is  the  coordination  of  an  SPD 
cascade,  (see  figure  8).  If  the  selection  of  a service  entrance  SPD  is  appropriately  coordinated  with 
the  installation  of  appropriate  SPDs  within  the  residence,  then  the  resources  will  be  allocated  in  an 
effective  manner,  both  technically  and  economically  (see  Martzloff,  Lai  [4,5]).  Clearly,  this 
coordination  can  only  be  achieved  by  cooperation  of  the  utility,  SPD  manufacturers,  and  premise 
occupants  and  full  knowledge  of  the  characteristics  of  the  SPD’s  and  the  surge  itself. 

Another  problem  that  can  be  resolved  is  the  effective  protection  of  equipment  connected  to  two 
different  systems.  The  concept  of  equalizing  ground  references  has  now  been  sufficiently 
advocated  to  motivate  SPD  manufacturers  to  offer  SPDs  with  both  power  and  telephone  protection, 
or  both  power  and  TV  protection,  in  the  same  enclosure  (see  figure  9).  The  IEEE  designation  of 
“Surge  Reference  Equalizer*  was  published  in  1992,  [6].  ft  has  not  yet  found  general  use  in  the 
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industry,  but  for  most  residential  applications  the  device  can  be  found  in  electronics  supply  stores. 
Still,  a possible  problem  in  that  solution  is  the  absence  of  industry  standards  on  the  performance 
of  surge  reference  equalizers.  At  this  point,  the  user  is  left  with  some  uncertainty  as  to  how  effective 
a particular  brand  may  be  compared  to  another.  In  this  intensely  competitive  market,  claims  and 
counter  claims  need  to  be  sifted  via  experiment,  a role  that  some  utilities  might  be  willing  to  assume, 
or  that  consumer  organizations  should  address. 


Figure  9.  Surge  reference  equalizer  to  protect  multi-port  appliances 

Last  but  not  least,  application  of  SPD  or  lightning  protection  must  consider  risk  analysis.  Protection 
of  appliances  against  surges  generated  within  a building,  or  impinging  at  the  power  sen/ice 
entrance,  can  be  accomplished  with  relatively  low  cost.  However  additional  investment  may  be 
required  if  multiple  services  (telephone,  TV,  and  power),  and  multiple  grounds  are  present.  External 
protection  against  a direct  lightning  strike  may  also  be  needed  with  cost  depending  on  the  structure 
and  location.  In  any  case  good  practice  should  be  sought  in  the  face  of  an  “act  of  God”  event, 
where  damage  can  be  minimized  by  observing  appropriate  rules  of  grounding,  bonding,  and 
protection,  as  the  Guide  will  propose.  However,  even  with  the  best  practices  some  degree  of  risk 
will  always  remain. 


Conclusion 

More  attention  to  surge  protection  practices  is  warranted  by  the  increased  use  and  inherent  surge 
vulnerability  of  residential  electronic  systems  and  appliances.  While  there  is  consensus  on  the  basic 
principles  of  protection,  specifics  and  installation  procedures  for  cost-effective  applications  are  not 
readily  available.  By  applying  data  and  practices  for  grounding,  lightning  and  surge  protections  to 
specific  appliance  sets,  these  needed  details  are  beginning  to  take  form.  To  be  successful  a 
Consumer-Oriented  Guide  on  surge  protection  will  have  to  address  complex  topics  of  whole-house 
protection  including  such  techniques  as  multi-port  devices  and  cascade  coordination.  When 
complete,  the  Guide  should  provide  a comprehensive  document  that  insurance  companies  can  use 
to  educate  their  policyholders,  employees,  and  agents  about  how  to  reduce  damage  resulting  from 
surges  caused  by  lightning. 
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Significance: 

Part  1 Development  of  Standards  - Reality  checks 
Part  4 Coupling  and  propagation  of  surges 

In  the  propagation  of  a surge  current  injected  at  the  service  entrance  of  a building,  two  significant  factors  can 
prevent  the  propagation  of  a postulated  “large"  surge  current  to  the  end  of  the  branch  circuits  of  the  facility. 

1 . The  combination  of  the  inherent  inductance  of  the  wiring  and  the  high  rate  of  current  change  for  such  a current 
to  begin  flowing  into  the  branch  circuit  results  in  a high  voltage  at  the  driving  end  (V  = L x di/dt). 

2.  In  the  absence  of  a surge=protective  device  at  the  service  entrance,  the  withstand  voltage  of  the  wiring  devices 
at  the  driving  end  - the  service  entrance  - is  very  likely  to  be  exceeded  by  the  voltage  that  this  rising  current 
will  develop  along  the  branch  circuit. 

The  resulting  flashover  will  abort  further  propagation  of  the  surge  current  toward  the  far  end,  thus  establishing  a 
limit  to  what  is  physically  possible.  If  there  is  a surge-protective  device  at  the  service  entrance,  the  scenario 
becomes  a matter  of  cascade  coordination. 

The  paper  provides  quantitative  information  on  this  limitation,  as  a function  of  wiring  length  and  current  rate  of  rise. 
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Abstract  - Reality  checks  can  and  should  be  applied  to  proposals 
for  characterizing  the  surge  environment  and  application  of  surge- 
protective  devices  (SPDs)  to  end-user,  low-voltage  power  systems. 
One  such  check  is  the  fact  that  driving  a large  current  with  steep 
front  toward  an  SPD  installed  at  the  far  end  of  a branch  circuit 
cable  could  require  such  a high  voltage  that  the  connections  at  the 
near  end  of  the  cable  will  flashover,  limiting  the  stress  applied  to  the 
far-end  SPD.  Tests  and  numerical  modeling  were  performed  to 
support  this  thesis.  The  results  of  real-world  measurements  and 
modeling,  presented  in  the  paper,  are  in  good  agreement  and 
validate  each  other.  From  that  point  on,  the  model  allows 
parametric  variations  of  cable  length  and  surge  current  amplitude 
and  waveform,  of  which  several  examples  are  presented. 

I.  INTRODUCTION 

In  the  never-ending  quest  for  better  data  on  the  frequency  of 
''occurrence  and  level  of  threat  of  overvoltages,  we  should  not 
overlook  some  “reality  checks”  that  can  be  applied  to  proposals 
for  characterizing  the  surge  environment.  One  such  check  is  the 
fact  that  forcing  a large  surge  current  with  steep  front  toward  a 
surge-protective  device  (SPD)  installed  at  the  far  end  of  a branch 
circuit  cable  could  require  such  a high  voltage  that  the  wiring 
device  connections  at  the  near  end  of  the  cable  will  flashover, 
limiting  the  stress  applied  to  the  far-end  SPD. 
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Large  surge  currents  considered  by  standards-writing  bodies 
and  discussed  in  this  paper  are  presumed  to  impinge  from  the 
outside  of  a building,  as  a result  of  a direct  or  indirect  lightning 
flash.  These  involve  postulated  rise  times  in  the  order  of  a few 
microseconds,  with  a duration  ranging  from  a few  tens  to  a few 
hundreds  of  microseconds.  While  there  are  different  propositions 
made  on  what  duration  should  be  considered  as  “representative” 
waveforms,  there  is  a consensus  on  rise  times  ranging  from  about 
4 ps  to  20  ps  [1],  However,  consensus  on  what  value  to  select 
for  “representative”  amplitude(s)  has  been  challenged  by 
proposals  to  increase  the  current  surge  capability  of  devices 
intended  for  installation  at  the  end  of  branch  circuits. 

A growing  trend  in  the  application  of  SPDs  to  residential  or 
commercial  installations  is  to  provide  "whole-house  protection" 
with  an  upstream  SPD  connected  at  the  service  entrance,  and 
downstream  SPDs  in  the  form  of  plug-in  devices  installed  at 
receptacles.  Selecting  the  ratings  for  these  two  devices  is  the 
subject  of  some  debate.  The  voltage  rating  of  the  devices 
introduces  the  issue  of  cascade  coordination  which  has  been 
addressed  at  length  in  the  literature  [2]-[8]  and  will  not  be 
discussed  here.  At  this  point  in  time,  the  vast  majority  of 
installations  do  not  include  an  upstream  SPD  intentionally 
connected  at  the  service  entrance,  other  than  a gap  in  the 
revenue-meter  socket.  This  gap  is  provided  by  the  meter 
manufacturer  to  protect  the  meter  more  than  the  downstream 
installation.  Nevertheless,  there  are  other  “gaps”  at  the  service 
panel  — the  clearances  of  the  wiring  devices,  which  have  some 
limits  to  their  voltage  withstand  capability. 

II.  SURGE  PROPAGATION  IN  WIRING 

The  possibility  of  a clearance  flashover  is  the  basis  of  our 
thesis:  If  a large  surge  current  is  postulated  as  propagating 
downstream  (and  then  taken  as  a requirement  for  the  downstream 
SPD),  the  propagation  characteristics  of  this  surge  current  would 
result  in  high  voltages  at  the  service  entrance,  upstream.  In  turn, 
the  high  voltage  would  cause  flashover  of  upstream  clearances, 
acting  as  a relief  valve  for  the  surge  energy  headed  for  the 
downstream  SPD.  This  relief  action  would  then  contradict  the 
proposed  requirement  for  high  energy-handling  capability  of  the 
downstream  SPD.  Thus,  appropriate  selection  of  current  ratings 
for  the  downstream  SPD,  in  the  light  of  our  thesis,  should  take 
into  consideration  this  reality  check  that  defines  an  upper  limit 
for  the  current  rating  required  for  the  downstream  SPD. 
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The  surge  propagation  characteristics  mentioned  in  the 
preceding  paragraph  are  controlled  by  three  parameters:  the 
impinging  surge,  the  impedance  of  the  wiring  from  the  service 
entrance  to  the  downstream  SPD,  and  the  I-V  response  of  the 
downstream  SPD.  The  impinging  surge  could  be  considered 
either  as  a voltage  source  or  as  a current  source.  The  present 
consensus  is  to  consider  it  as  a current  source,  resulting  from  the 
coupling  and  subsequent  division  of  a lightning  surge,  part  of 
which  impinges  on  a given  service  entrance. 

The  impedance  of  the  wiring  is  that  of  two  parallel  wires  of 
known  dimensions  and  separation.  It  can  be  represented  either 
by  lumped  parameters  — series  R and  L and  parallel  C — or  by  a 
“short”  transmission  line.  The  reason  for  placing  quote  marks 
around  the  qualifier  of  “short”  is  that  the  term  is  to  be  viewed  by 
comparing  travel  time  over  the  length  of  the  transmission  line  and 
duration  of  the  traveling  pulse  - another  subject  discussed  in  the 
literature  [9]  that  we  will  not  discuss  here,  with  the  exception  of 
a brief  comparison  of  results  obtained  when  modeling  the 
propagation  with  lumped  parameters  or  with  a transmission  line. 

When  using  the  lumped  RLC  model,  during  the  rise  of  the 
surge  current,  the  significant  parameter  of  the  wiring  impedance 
is  its  inductance,  L.  The  voltage  at  the  upstream  end  resulting 
from  driving  the  surge  current  into  such  an  impedance  is  primarily 
L x di/dt,  with  di/dt  determined  by  the  amplitude  and  rise  time. 

By  performing  surge  measurements  on  real-world  wiring 
components,  followed  by  numerical  modeling  with  the  Electro- 
imagnetic  Transients  Program  (EMTP)2  [10],  this  proposition  can 
be  verified  and  applied  to  a range  of  postulated  surge  waveforms 
and  typical  configurations  found  in  the  premises  wiring  of  low- 
voltage  systems.  These  results  will  allow  developing  realistic 
recommendations  for  the  rating  of  SPDs  offered  for  surge 
protection  at  the  equipment  location  — either  as  plug-in  additions 
by  the  end-user,  or  as  permanently  wired  devices  at  the  end  of 
typical  branch  circuits.  The  measurement  results  also  show  the 
need  to  consider  the  possibility  of  “blind  spots”  in  the  protection 
schemes,  and  illustrate  our  title  paradox  of  “ more  begets  less” 

Measurements  were  conducted  on  a simple  circuit  consisting 
of  9 meters  of  nonmetallic  jacket  cable  typical  of  residential 
installations,  with  a metal-oxide  varistor  connected  downstream 
at  the  far  end.  A Combination  Wave  surge  generator,  suitable 
for  producing  the  waveform  described  in  IEEE/ANSI  C62.41- 
1992  [1]  was  used  to  inject  a surge  current  at  the  upstream  end 
of  the  cable.  Current  and  voltage  waveforms  were  recorded. 
The  current  waveform  resulting  from  this  injection  was 
duplicated  in  a closed-form  equation  to  be  applied  as  the 
postulated  surge  current  injected  into  the  EMTP  model  of  the 
circuit,  allowing  computation  of  the  corresponding  voltages. 


2 Certain  commercial  instruments  and  software  packages  are  identified 
in  this  paper  in  order  to  adequately  specify  the  experimental  procedure. 
Such  identification  does  not  imply  recommendation  or  endorsement  by 
\the  National  Institute  of  Standards  and  Technology,  nor  does  it  imply 
that  these  are  necessarily  the  best  available  for  the  purpose. 
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IH.  MEASUREMENTS  AND  MODELING 

A . Characterizing  the  varistor 

First,  the  varistor  to  be  connected  at  the  far  end  was  tested  to 
determine  its  I-V  response  and  demonstrate  that  the  model  to  be 
used  for  this  highly  nonlinear  component  would  be  adequate  to 
simulate  its  behavior  in  the  circuit  when  connected  at  the  down- 
stream end.  Figure  1 shows  the  test  circuit  used  for  making  that 
measurement.  The  surge  generator  used  for  the  tests  was  the 
KeyTek  71 1 with  a P7  wave-shaping  output  network. 

The  varistor  used  in  these  tests  was  a 20-mm  diameter  metal- 
oxide  varistor  (MOV)  disc,  rated  130  V rms  (200  V at  1 mA  dc). 
The  inductance  Lp  shown  in  series  with  the  varistor  is  not  a 
deliberate  addition  of  a real  component,  but  is  the  representation 
of  the  coupling  between  the  loop  where  the  surge  current  flows 
and  the  voltage  measurement  loop  formed  by  the  varistor  leads 
and  the  two  probes  used  for  the  differential  measurement.  That 
inductance  is  included  in  the  model  as  a discrete  series 
inductance,  with  a value  of  0.5  pH  selected  to  emulate  the 
observed  voltage  at  the  point  of  measurement  — which  is  not  the 
“pure”  varistor  voltage,  as  discussed  in  the  narrative  of  Figure  2. 

Figure  2 shows  the  recording  obtained  for  a particular  setting 
of  the  surge  generator,  and  Figure  3 shows  the  result  of  modeling 
the  circuit  shown  in  Figure  1 for  an  injected  current  surge  corre- 
sponding to  the  actual  current  surge  recorded  in  Figure  2.  The 
equation  used  for  the  modeling  is  a damped  sine  wave  that 
allows  a close  approximation  of  the  current  delivered  by  typical 
Combination  Wave  generators  into  inductive  loads  [7].  It  is 
known  that  actual  generators  tend  to  produce  an  “undershoot” 
when  connected  to  an  inductive  load,  and  this  test  was  no 
exception.  However,  computational  artifacts  occur  when  using 
a simple  damped  sine  wave  because  its  di/dt  derivative  (a  cosine) 
is  not  zero  at  time  zero.  Furthermore,  we  know  that  nature  does 
not  allow  an  instantaneous  jump  of  current  from  zero  to  a steep 
rise.  By  adding  a multiplier  term  [ 1 -e<_t>] , these  artifacts  are 
eliminated  and  the  waveform  has  a “gentle  toe”  which  is  a better 
model  of  reality.  This  improved  equation  is  then: 

/ = 4200  * sin(0.I26f)  * e(</281)  * [l-e(,)]  0) 

with  I in  amperes  and  t in  microseconds. 


Figure  1 - Test  circuit  for  determination  of 
the  I-V  characteristics  of  the  varistor 
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Top  (race:  Voltage,  500  V/div 
(Center  trace:  inactive) 

Bottom  trace:  Current,  500  A/div 
Sweep:  1 0 ps/div 

Figure  2 - Real-world  recording 


Note:  the  voltage  trace  has  been  expanded  by  a factor  of  2 to 
enhance  resolution  on  the  vertical  scale. 

Figure  3 - Modeling  the  circuit  of  Figure  1 with  the  impinging 
current  set  to  match  the  test  current,  as  shown  in  Figure  2 


Inspection  of  Figures  2 and  3 clearly  shows  the  agreement 
between  real-world  measurements3 * 5  and  model,  and  thus  merits 
some  observations.  One  might  have  expected  a flat-top  voltage 
waveform  reflecting  the  clamping  action  of  the  varistor.  Instead, 
a drooping  waveform  is  observed.  This  droop  is  caused  by  the 
parasitic  inductance  Lp  in  series  with  the  ideal  varistor.  At  the 
time  of  current  peak  ( di/dt  = 0),  the  “true”  varistor  voltage  is 
seen  on  the  oscillogram.  Before  the  peak,  the  positive  Lp  x di/dt 
adds  a spurious  voltage  to  the  recording.  After  the  peak,  the 
^negative  Lp  x di/dt  subtracts  the  spurious  voltage. 

These  observations  are  significant  in  appreciating  the  all- 
important  inductive  effects  during  the  rise  and  fall  of  a surge 
current  in  the  wiring  of  branch  circuits.  The  issue  of  the 
importance  of  inductance  versus  other  circuit  parameters  [11] 
hopefully  has  been  put  to  rest  by  the  surge  and  impedance 
measurements  with  corresponding  computations  performed  in 
the  so-called  “Upside-Down  House”  [12],  a real-world  replica  of 
a typical  residential  wiring  system.  In  [12],  it  was  shown  that 
inductive  effects  prevail,  so  that  rate  of  rise  of  the  surge  current 
and  circuit  inductance , more  than  any  other  parameter,  are  the 
significant  parameters  for  the  voltage  necessary  at  the  upstream 
end  to  drive  a given  current  into  the  branch  circuit. 

The  model  used  in  the  simulation  for  the  varistor  is  derived 
from  the  published  varistor  I-V  characteristic  (general  shape  and 
slope  of  the  curve)  with  one  specific  point  defined  by  the  “true” 
varistor  voltage  read  from  the  oscillogram  of  Figure  2 at  the 
point  of  zero  Lp  x di/dt  contribution.  In  turn,  this  varistor  model 
will  be  used  for  the  modeling  of  a varistor  connected  at  the 
downstream  end  of  a branch  circuit,  as  discussed  in  the  following 
reported  measurements  and  simulations. 

3 The  measurements  reported  in  this  paper  have  been  made  with 

instrumentation  for  which  the  cumulative  uncertainty  should  not  exceed 

5 to  6%.  Given  the  process  of  applying  the  measurement  results  to  the 
response  of  surge-protective  devices  exposed  to  environment  with 
\characteristics  that  are  at  best  known  within  an  order  of  magnitude, 
this  level  of  uncertainty  does  not  effect  the  practical  conclusions. 


B.  Measurement  and  modeling  with  varistor  installed 
at  the  downstream  end  of  a branch  circuit 

The  circuit  of  Figure  4 shows  the  varistor  characterized  by 
the  test  and  modeling  in  the  preceding  paragraphs,  connected  at 
the  downstream  end  of  a “branch  circuit”  consisting  of  two 
copper  conductors  of  2-mm2  cross-section  (#12  AWG)  with  solid 
insulation  and  a separation  of  6 mm  between  centers.  The  first 
current  transformer  monitors  the  total  current  impinging  at  the 
upstream  end.  The  second  current  transformer  monitors  the 
current  flowing  toward  the  downstream  end,  which  will  be 
imposed  on  the  varistor.  The  clearances  at  the  upstream  end, 
such  as  clearances  in  a service-entrance  panel,  are  represented  by 
a discrete  gap  that  will  be  set  to  produce  sparkover  at  some  given 
voltage  during  the  test  as  well  as  in  the  model. 

Figure  5 shows  the  recording  obtained  with  the  circuit  of 
Figure  4,  with  the  surge  generator  left  at  the  same  setting  as  that 
used  for  Figure  2.  To  determine  the  response  of  the  circuit 
without  the  clearance  limitation,  the  gap  setting  was  adjusted  for 
this  test  so  that  no  sparkover  occurred  at  the  upstream  voltage 
developed  for  the  current  delivered  by  the  generator. 


Figure  4 - Test  circuit  for  determination  of  the  voltage 
necessary  at  the  sending  end  to  drive  a given  current 
into  the  far-end  SPD 
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Center  trace:  Total  current,  500  A/div 
Bottom  trace:  MOV  current,  500  A/dlv 
Sweep:  lOps/dlv 


Figure  5 - Real-world  recording  of  sending-emd 
voltage  with  gap  set  for  no  sparkover 

Comparing  the  traces  of  Figure  5 and  Figure  2,  the  addition 
of  the  inductance  of  the  9 meters  of  branch  circuit  changes  the 
load  on  the  surge  generator,  reducing  the  current  peak  from  the 
2.8  kA  in  Figure  2 down  to  2 kA  in  Figure  5. 

The  two  current  traces  of  Figure  5 are  identical.  Since  there 
is  no  current  diverted  by  the  gap,  the  current  in  the  branch  circuit 
(is  the  same  as  the  current  delivered  by  the  surge  generator. 

Another  effect  of  the  added  inductance  is  the  increase  in  the 
time  from  origin  to  the  first  current  zero,  33  ps  in  Figure  5, 
compared  to  25  ps  in  Figure  2.  In  the  subsequent  model,  that 
change  of  the  actual  impinging  current  surge  is  taken  into 
consideration  by  modifying  the  current  equation  as  follows: 

#=3571  * sin(0.Q95  t)  * 0 * [ 1 -e('0]  (2) 

with  I in  amperes  and  t in  microseconds. 

Turning  to  the  modeling,  Figures  6 and  7 show  the 
waveforms  of  the  impinging  current,  as  defined  by  Eq.  (2),  and 
the  resulting  voltage  at  the  upstream  end.  To  address  some 
concerns  expressed  by  colleagues  in  discussions  of  this  subject, 
the  EMTP  modeling  was  also  done  with  the  transmission-line 
model  which  is  readily  available  in  the  EMTP  code.  Figure  6 
was  obtained  with  the  lumped-parameter  circuit  model,  and 
Figure  7 was  obtained  with  the  transmission-line  model. 

Inspection  of  the  two  figures  reveals  no  difference  in  the 
results.  The  only  difference  is  in  the  consumption  of  computing 
time:  with  the  transmission  line  model,  the  computation  time- 
step  has  to  be  significantly  shorter  (0.02  ps  in  this  case)  than  the 
travel  time  for  the  reflections,  while  in  the  case  of  the  lumped 
model,  the  time-step  can  be  longer  (0.1  ps  in  that  case).  The 
result  is  that  the  simulation  of  Figure  6 took  43  seconds  on  a 
486-based  PC,  compared  to  263  seconds  for  Figure  7. 
Therefore,  the  lumped-parameter  model  is  perfectly  adequate  to 
represent  reality,  and  performing  a transmission-line  analysis  [5] 
is  an  unnecessary  consumption  of  computing  time  and  resources. 


Figure  6 - Impinging  current  and  resulting  upstream 
voltage  as  computed  with  lumped-parameters  model 


voltage  as  computed  with  transmission-line  model 

In  both  Figures  6 and  7,  the  effect  of  the  branch  circuit 
inductance  on  the  resulting  voltage  is  apparent  as  the  peak  voltage 
occurs  at  the  beginning  of  the  rise  (as  soon  as  the  “gentle  toe” 
effect  ceases),  not  at  the  peak  of  the  current.  The  step  change  in 
the  voltage  trace  corresponds  to  the  reversal  of  the  current  in  the 
varistor,  showing  the  relative  contributions  of  the  varistor  effect 
and  of  the  inductive  effect  as  seen  from  the  upstream  end. 

Table  1 below  shows  the  results  of  such  computations  for  the 
waveform  of  Figures  5,  6 and  7.  As  mentioned  above,  the 
insertion  of  an  inductance  in  the  load  connected  to  the  surge 
generator  increased  the  rise  time  beyond  the  standard  8 ps.  In 
making  the  parametric  computations,  we  chose  to  stay  with  this 
10  ps  value  to  maintain  continuity  with  the  test/model  validation. 

TABLE  1 


Upstream  voltage  (in' kV)  necessary  t©  drive  a current  of  the  peak 
value  shown  (columns)  and  rise  time  off  1©  ps  into  a branch  circuit 
of  length  as  shown  (rows),  terminated  with  a 130- V rated  varistor 


Length  \ Peak 

2 kA 

3 kA 

5 kA 

7 kA 

10  kA 

10  m 

2.3 

3.3 

5.2 

7.2 

10.1 

30  m 

5.8 

8.5 

13.9 

19.4 

27.0 

50  m 

9.3 

13.7 

22.7 

31.6 

45.0 
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Figure  8 - Three  surge  current  waveforms  with  different  rise 
times  used  to  compute  the  values  of  Table  2 

Figure  8 shows  three  waveforms  of  same  amplitude,  with 
nominal  rise  time  of  5 ps,  10  ps,  and  20  ps,  obtained  by  taking 
half  or  double  of  the  frequency  used  in  Eq.  (2).  The  actual  rise 
time  [1.25  x (time  from  10%  to  90%)],  as  opposed  to  the  nominal 
rise  time  used  to  describe  the  waveforms,  was  computed  as  well 
as  the  maximum  rate  of  rise  for  each  wave.  The  maximum  rate  of 
rise  (which  is  obtained  when  the  second  derivative  of  the  current 
is  equal  to  zero)  occurs  initially,  once  the  gentle  toe  is  over,  and 
determines  the  maximum  resulting  voltage  produced  by  the 
inductive  effect.  Table  2 shows  the  corresponding  values  of  the 
rise  time,  maximum  rate  of  rise,  and  resulting  voltage  for  a 
branch  circuit  length  of  10  m and  amplitude  of  5 kA.  Note  that 
for  a l-to-4  increase  in  nominal  rise  time,  the  maximum  dildt 
decreases  only  by  one  half,  with  the  same  decrease  appearing  in 
the  resulting  voltage,  showing  dnce  again  that  initial  rate  of  rise 
is  more  important  than  rise  time  and  amplitude. 


TABLE  2 

Effect  of  the  rate  of  rise  of  the  postulated  current  on  the 
resulting  voltage  at  the  upstream  end  of  the  branch  circuit 


Nominal  rise  time,  ps 

5 

10 

20 

Actual  rise  time,  ps 

4.3 

9.5 

13.5 

Maximum  di/dt,  A/ps 

1250 

850 

630 

Resulting  voltage,  kV 

7.0 

5.2 

3.6 

In  the  scenario  tested  and  modeled  so  far,  no  flashover 
possibility  was  considered.  Nevertheless,  the  values  shown  in 
Table  1 clearly  indicate  that  some  real-world  circuit  lengths  and 
surge  parameters  postulated  in  some  SPD  application  standards 
under  development  can  produce  high  upstream  voltages  that  will 
cause  a flashover  of  the  upstream  wiring  devices. 

C.  The  paradox  of  “more  begets  less” 

Common-sense  intuition  might  lead  the  unwary  to  expect  that 
higher  surge  currents  would  impose  a greater  stress  on  the  circuit 
components,  including  the  downstream  varistor.  Also,  a longer 
branch  circuit,  with  its  corresponding  higher  inductance,  could 
be  expected  to  have  the  capability  of  storing  more  energy  during 
build-up  of  the  surge  current  toward  the  downstream  varistor, 
into  which  that  stored  energy  ultimately  has  to  be  dissipated. 
Cascade  coordination  studies  [4],  [6],  [8],  have  shown  that  in 
some  cases,  the  downstream  varistor  continues  to  carry  current 
long  after  the  impinging  surge  current  has  gone  past  its  peak. 


To  explore  the  validity  of  such  expectations,  we  performed 
tests  and  modeling,  with  an  actual  gap  in  the  test  circuit,  and  a 
switch  in  the  model  circuit,  to  bypass  the  current  at  the  upstream 
end  when  sparkover  voltage  is  attained.  By  measuring  the 
current  that  flows  in  the  branch  circuit  toward  the  downstream 
varistor  and  the  voltage  across  the  varistor,  the  energy  deposited 
in  the  varistor  during  the  total  surge  event  can  be  determined. 
Likewise,  the  modeling  can  determine  the  current  in  the  varistor, 
hence  the  voltage  across  it,  and  allow  computation  of  the  energy. 

In  [4],  agreement  was  reported  between,  on  the  one  hand, 
computing  the  deposited  energy  through  actual  measurement  of 
the  current  and  voltage,  followed  by  computation  of  the  energy 
by  means  of  the  digital  signal  analyzer  used  for  measurements 
and,  on  the  other  hand,  the  model  computations.  Therefore,  in 
the  tests  reported  here,  we  were  satisfied  to  verify  waveform 
agreement  between  the  actual  varistor  current  measurement  and 
the  computed  varistor  current,  and  let  the  model  alone  compute 
the  energy  deposited  in  the  downstream  varistor. 

Figure  9 shows  the  real-world  recording  of  the  situation  that 
develops  for  a “clearance”  sparkover  of  2 kV.  This  relatively 
low  value,  compared  to  the  6 kV  to  10  kV  level  that  we  might 
expect  from  typical  low-voltage  wiring  devices,  is  made  neces- 
sary for  the  test  case  where  only  9 meters  of  branch  circuit  were 
considered,  and  the  setting  of  the  surge  generator  was  maintained 
at  the  same  nominal  3 kA  short-circuit  current.  The  object,  of 
course,  is  to  demonstrate  that  the  clearances  are  likely  to  flash 
over,  as  indicated  by  progressively  higher  values  of  the  necessary 
upstream  driving  (or  resulting)  voltage  shown  in  Table  1. 

Under  the  conditions  of  Figure  9,  sparkover  of  the  gap 
occurred  at  approximately  1 ps.  After  sparkover,  the  current 
delivered  by  the  surge  generator  is  the  sum  of  the  currents  in  the 
gap  and  in  the  branch  circuit.  Its  peak  (3.2  kA)  is  greater  than 
those  of  Figures  2 and  5 because  the  generator  does  not  need  to 
overcome  the  varistor  that  reduced  the  voltage  available  for 
driving  the  current,  nor  the  impedance  of  the  9 meters  of  cable. 
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Top  trace:  Resulting  voltage,  500  V/div 
Center  trace:  MOV  current,  500  A/di v 
Bottom  trace:  Total'  current,  500  A/div 
Sweep:  10  ps/div 

Figure  9 - Voltage  and  currents  with  gap  sparkover  at  2 kV 


120 


Figures  10  and  1 1 show  the  results  obtained  by  the  model  for 
tvoltages  and  current  in  the  circuit.  In  the  modeling,  only  one 
'current  waveform  was  applied  to  the  circuit,  the  one  prevailing 
until  fiashover  occurs,  which  the  postulated  current-source  real 
world  would  maintain.  In  contrast,  the  surge  current  delivered  by 
the  surge  generator  (Figure  9)  increases  after  the  fiashover,  but 
that  is  not  relevant  to  our  consideration  of  what  happens  to  the 
circuit  before  and  up  to  the  time  of  fiashover. 


Figure  10  - Voltage  across  the  gap  set  to  sparkover  at  2 kV 


Figure  11  - Current  in  downstream  varistor 


The  waveforms  of  Figures  10  and  11  are  shown  with  an 
expanded  scale,  compared  to  that  of  Figure  9,  that  gives  a better 
resolution  for  the  gap  voltage  and  current  in  the  varistor.  There 
is  good  correspondence  between  the  waveforms  of  the  two  traces 
and  the  gap  voltage  and  downstream  current  traces  of  Figure  9. 
In  Figure  10,  however,  the  gap  voltage  collapses  to  zero,  while  it 
does  not  in  Figure  9.  The  difference  is  that  the  real-world  circuit 
has  a parasitic  inductive  voltage  added  to  the  true  gap  voltage, 
already  discussed  for  the  varistor  of  Figure  2.  Figure  1 1 shows 
the  linear  ramps  typical  of  current  changes  in  an  inductance. 

As  mentioned  above,  we  can  expect  that  the  energy  deposited 
in  the  downstream  varistor  for  a given  impinging  surge  will  be 
influenced  by  the  length  of  the  branch  circuit.  Using  the  model 
developed  and  validated  according  to  Figures  5 and  6,  the  energy 
can  be  readily  computed.  In  the  case  described  by  Figures  9,  10, 
and  11,  the  gap  sparkover  voltage  was  preset  at  2 kV  so  that 
sparkover  could  indeed  occur  for  the  surge  current  available 
from  the  real-world  generator  and  the  resulting  upstream  voltage. 

Now  that  we  are  in  the  (validated)  model-world,  we  can 
arbitrarily  set  the  sparkover  voltage  at  a level  more  typical  of  the 
fiashover  point  of  clearances,  say  6 kV.  Of  course,  we  have  the 
possibility  of  assessing  energy  for  a wide  range  of  parameters. 
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In  the  example  reported  below,  we  kept  the  same  three  values 
of  branch  circuit  length  and  performed  the  computations  for  the 
same  five  values  of  impinging  current  as  those  used  for  the 
computations  of  Table  1.  Table  3 shows  the  energy  deposited  in 
the  downstream  varistor  for  these  combinations  of  branch  circuit 
length  and  peak  current  values,  for  the  applied  current  waveform 
of  Figure  5,  and  a 6 kV  fiashover  point. 

TABLE  3 

Energy  deposited  into  a 130- V rated  far-end  varistor 
as  a function  of  the  branch  circuit  length  shown  (rows), 
current  peak  (columns)  of  waveform  shown  in  Figure  5, 
and  fiashover  ©f  the  clearances  set  to  occur  at  6 kV 


Peak/Length 

2 kA 

3 kA 

5 kA 

7 kA 

10  kA 

10  m 

17  J 

27  J 

51  J 

670  ml 

218  ml 

30  m 

17  J 

128  ml 

30  ml 

23  mJ 

18  ml 

50  m 

69  ml 

34  ml 

17  ml 

11  mJ 

10  mJ 

The  results  shown  in  Table  3 merit  close  examination  as  they 
reveal  some  counter-intuitive  trends:  we  might  have  expected 
that  for  higher  impinging  current  values,  the  resulting  energy 
deposited  in  the  downstream  varistor  would  be  higher.  Likewise, 
we  might  also  have  expected  that  for  a longer  branch  circuit,  the 
greater  inductance  would  store  more  energy,  ultimately  to  be 
deposited  in  the  varistor.  In  fact,  the  opposite  occurs.  The  table 
also  reveals  the  interesting  finding  that  the  first  three  lower- 
current,  short-line  cases  (bold  face  type  in  the  table)  produce 
larger  energy  deposition,  compared  to  the  other  cases.  Actually, 
the  explanation  that  follows  is  simple  and  might  be  anticipated 
(especially  with  hindsight,  illustrating  that  intuition  is  a hazardous 
process  when  dealing  with  nonlinear  circuit  components). 

Starting  with  the  second  observation  (more  joules  at  lower 
threat  levels),  we  have  a beautiful  illustration  of  the  blind  spot 
effect  ~ not  limiting  tests  and  designs  to  the  maximum  stress  of 
a worst-case  scenario  --  [13]:  for  10  meters  of  circuit  and  at  the 
lower  current  levels,  the  resulting  voltage  at  the  clearance  is  not 
sufficient  to  cause  fiashover,  and  all  the  energy  has  to  go  to  the 
downstream  varistor.  At  the  higher  threat  level  of  7 kA,  the 
voltage  produced  in  the  inductance  of  10  meters  of  line,  added  to 
the  varistor  voltage,  is  sufficient  to  sparkover  the  6 kV  gap, 
relieving  the  varistor  from  further  involvement  beyond  that  of 
discharging  the  energy  stored  in  the  line.  In  the  case  of  the  30-m 
long  line,  this  transition  occurs  between  2 kA  and  3 kA. 

Turning  now  to  the  first  observation,  that  higher  current  or 
greater  inductance  result  in  less  stress,  this  apparent  paradox  is 
caused  by  the  fact  that  with  the  higher  values  of  dUdt  and  L,  the 
voltage  at  the  clearance  rises  more  quickly  to  the  fiashover  point. 
Consequently,  the  build-up  of  energy  in  the  line  inductance  is 
shut-off  earlier  so  that  the  current  level  in  the  line  reached  at  that 
point  is  lower  and,  in  spite  of  the  greater  inductance,  the  stored 
energy  lh  L i2  is  lower  for  higher  applied  current  peaks  and 
longer  branch  circuits. 
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XV.  CONCLUSIONS 

The  development  of  a validated  EMTP  model  using  existing 
computational  tools  allows  us  to  look  into  all  scenarios  of  surge 
propagation  and  surge  mitigation  schemes.  The  reality  check 
proposed  by  the  measurements  and  modeling  reported  in  this 
paper  should  be  useful  in  the  process  of  selecting  stress  levels  to 
be  specified  in  the  application  of  SPDs  downstream  from  the 
service  entrance,  from  the  point  of  view  of  successful  cascade 
coordination  as  well  as  integrity  of  electromagnetic  compati- 
bility. Specific  conclusions  can  be  drawn: 

1.  Realistic  surge  current  amplitudes  and  rise  times  can  be 
defined  for  SPDs  installed  at  the  end  of  branch  circuits,  with 
upper  limits  set  by  the  laws  of  physics  applied  to  real-world 
conditions. 

2.  The  general  practice  for  describing  surge  waveforms  is  to  cite 
“rise  time”  or  “front  time”,  followed  by  duration,  as  in  8/20. 
However,  when  the  effects  of  circuit  inductance  are  assessed, 
in  particular  by  numerical  modeling,  the  maximum  rate  of 
rise  must  be  considered,  not  an  average  over  the  rise  time.  It 
is  especially  important  to  define  the  conditions  at  the  origin 
of  the  waveform,  such  as  inclusion  of  a gentle  toe. 

3.  The  importance  of  looking  for  blind  spots  is,  once  again, 
demonstrated  by  the  parametric  computations,  a much 
simpler  task  than  exhaustive  equipment-exhausting  tests. 

4.  Reliable  computational  tools  make  it  possible  to  obtain  a wide 
range  of  parametric  assessments,  and  thus  avoid  recourse  to 
intuition  when  dealing  with  nonlinear  circuits,  where  blind 
reliance  on  common-sense  may  lead  to  flawed  conclusions. 

5.  The  parametric  computations  offered  in  the  paper  point  out 
the  need  to  consider  a balance  or  trade-off  among  several 
critical  factors  in  the  design  of  branch  circuit  protection,  in 
particular  the  uncontrollable  length  of  branch  circuits  in 
actual  installations. 
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Discussion 


M.  Darvemiza  (University  of  Queensland,  Australia  4072): 

The  asstbtws  are  to  be  congratulated  for  drawing  attention  to  an  important  feature  in  surge 
prole  Namely,  the  magnitude  of  the  voltage  up-line  from  a surge  protective  device 

will  : sid  the  protective  level  of  the  SPD,  the  extent  of  the  over-voltage  depending  on 
distance  and  on  waveshape  of  the  incident  surge.  Because  of  this,  flashover  at  an 
upstream  device  (for  example,  another  SPD)  will  limit  the  severity  of  the  surge  stressing 
the  downstream  SPD. 

Two  examples  are  offered  which  support  the  author’s  statement  “more  begets  less"  and 
which  can  be  rephrased  by  saying  that  in  some  cases,  a less  onerous  surge  may  impose 
more  severe  overstress  than  a more  onerous  incident  surge.  The  two  examples  are: 

1 . A cable-entry  substation  protected  by  an  upstream  SPD  connected  at  the 
overhead  line-to-cable  junction.  The  most  severe  stress  at  the  substation  occurs 
when  the  surge  incident  from  the  line  onto  the  cable  is  just  not  large  enough  for 
operation  of  the  SPD  at  the  line-cable  junction. 

2.  A hybrid  surge  protection  system  for  low-voltage  and  electronic  equipment 
involving  two  SPD’s  coordinated  by  an  intervening  series  impedance.  The  series 
impedance  is  selected  to  ensure  that  the  downstream  SPD  is  not  overstressed,  by 
virtue  of  operation  of  the  upstream  SPD  caused  by  the  voltage  drop  in  the 
impedance  (which  adds  to  the  clamp  voltage  of  the  downstream  SPD).  However, 
if  the  voltage  drop  is  not  large  enough  to  “turn-on”  the  upstream  SPD,  either 
because  the  magnitude  or  the  steepness  of  the  incident  surge  current  is  not 


sufficiently  large,  then  the  downstream  SPD  may  still  be  overstressed  if  the 
duration  of  the  surge  current  is  too  long.  Paradoxically,  a more  severe  incident 
surge  will  "turn-on”  the  upstream  SPD,  thus  protecting  the  downstream  SPD 
from  excessive  overstress. 

Manuscript  received  October  4,  1996. 

Francois  Martzloff  i 

We  are  glad  that  the  message  we  were  presenting  has  found  a 
favorable  echo  with  Professor  Oarveniza,  and  appreciate  his  kind 
words.  The  two  examples  he  cites  are  indeed  good  illustrations 
of  the  “more  begets  less”  theme  which  we  have  expressed  in  the 
manner  of  a paradox/epigram  to  make  it  easy  to  remember.  This 
reality  check  on  the  likelihood  of  a stress-limiting  flashover 
should  be  applied  whenever  a scenario  is  proposed  that  involves 
the  propagation  of  surge  currents.  We  hope  that  our  colleagues 
involved  in  standards  development  will  remember  this  well  and 
assess  some  of  the  proposals  now  under  consideration  for  SPD 
requirements  in  the  light  of  that  epigram. 

Manuscript  received  November  13,  1996. 
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Significance: 

Part  2 Development  of  standards  - Reality  checks 
Part  4 Propagation  and  coupling  of  surges 

In  the  case  of  a direct  lightning  stroke  to  a building,  the  earth-seeking  current  is  dispersed  among  all  available  paths 
to  earthing  electrodes,  including  intentional  made  electrodes  and  opportunistic  electrodes.  A substantial  part  of  that 
current  will  exit  the  building  via  its  connection  to  the  power  distribution  system. 

The  configuration  of  this  power  distribution  system  (daisy  chain  from  the  transformer  or  radial  from  the  transformer) 
influences  the  sharing  of  the  current  among  these  possible  paths. 

From  simulations  performed  with  a 10/350  waveform,  the  paper  provides  quantitative  information  on  these  effects. 
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The  Effect  of  Neutral  Earthing  Practices  on 
Lightning  Current  Dispersion  in  a Low-Voltage  Installation 


Arshad  Mansoor,  Member,  IEEE 
Power  Electronics  Applications  Center 
Knoxville  TN  37932  USA 


Abstract  - Computer  modeling  with  the  EMTP  code  has  been 
applied  to  several  configurations  and  earthing  practices  in  use  in 
various  countries  to  show  the  effect  of  any  differences  in  the 
dispersion  (sharing)  of  a lightning  stroke  current  among  the  available 
paths  for  the  earth-seeking  lightning  current.  Simplifying  assumptions 
have  been  made  to  some  details  of  the  configurations  to  focus  on  the 
main  difference  — earthing  practices.  Identifying  such  differences 
provides  the  necessary  perspective  on  their  significance  and  the  strong 
need  to  take  them  into  consideration  when  developing  international 
standards  on  surge-protective  device  applications. 

I.  INTRODUCTION 

When  designing  a lightning  protection  scheme  for  a low- 
voltage  power  system  within  a building,  several  scenarios  must 
be  considered  for  the  point  of  termination  of  the  lightning 
stroke.  Common  wisdom  classifies  these  by  decreasing  order 
of  severity:  directly  to  the  building,  directly  to  overhead  low- 
voltage  distribution  lines  (or  other  utilities)  outside  of  the 
building,  to  other  objects  near  the  building,  distant  cloud-to- 
earth  strokes,  and  finally  perhaps  cloud-to-cloud  discharges. 
Several  standards-writing  projects  are  underway,  at  the  IEEE 
and  at  the  EEC,  based  on  present  knowledge  of  the  lightning 
flash  characteristics  and  on  assumptions  about  the  way  the 
lightning  current  divides  among  the  many  paths  available  for 
distributing  (dispersing)  this  current  to  the  ill-defined  “earth” 
which  is  the  termination  of  the  cloud-to-earth  strike. 

The  purpose  of  our  paper  is  to  show  the  effect  that  differ- 
ent practices  for  neutral  earthing  in  the  low-voltage  distribution 
system  can  have  on  the  relative  dispersion  of  the  lightning 
current  which  is  seeking  the  path  of  least  impedance  to  earth. 
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To  accomplish  this  purpose  in  an  eight-page  paper,  and  to 
concentrate  on  the  essential  difference,  the  models  we  present 
are  simplified  from  the  detailed  reality,  so  that  one  of  our  first 
tasks  will  be  to  explain  and  justify  the  simplification.  To  avoid 
confusion  in  the  meaning  of  the  word  “distribution”  which  can 
relate  to  the  distribution  of  electric  power  by  the  utility  or  to  the 
distribution  of  the  lightning  current  among  the  available  paths, 
we  will  use  the  term  “dispersion”  for  the  second  meaning, 
lighting  current  dispersion.  Another  term  used  by  some  authors 
to  convey  the  concept  is  “sharing”  (among  available  paths). 
Note  that  the  actual  return  stroke  actually  goes  from  earth  to 
cloud  in  the  majority  of  cases,  but  the  scenario  is  generally 
described  as  if  the  stroke  “terminated”  on  earthbound  objects. 

In  the  case  of  a low-voltage  power  distribution  system, 
different  countries  have  adopted  different  practices  on  earthing 
the  neutral  conductor,  and  writing  a history  of  why  that  is  so 
would  give  an  interesting  insight  into  the  development  of  power 
systems.  The  fact  is  that  today,  two  approaches  are  well 
entrenched  in  their  respective  territories,  the  so-called  TN 
system  and  TT  system  where  the  difference  lies  in  the  mode  of 
earthing  the  neutral.  We  will  give  a brief  overview  of  the 
differences  in  a following  section.  Our  purpose  is  to  show  how 
the  difference  in  these  practices  affect  the  sharing,  or 
dispersion,  of  the  lightning  current  among  the  available  paths  to 
earth,  and  consequently  affect  the  rating  of  surge-protective 
devices  which  may  be  included  in  these  paths.  We  used  the 
EMTP  simulation  code  [1]  to  model  several  scenarios  in  each 
of  the  TN  and  TT  systems,  with  small  but  possibly  significant 
differences  in  the  configuration.  By  postulating  a direct  stroke 
to  one  building,  and  requesting  EMTP  to  compute  currents  in 
the  (simplified)  complete  power  system,  we  obtained  results  for 
the  two  most  severe  cases  of  lightning  termination:  the  case  of 
a direct  stroke  to  one  building,  and  the  case  of  a nearby  stroke 
which  propagates  and  impinges  at  the  service  entrance  of  many 
buildings  on  that  part  of  the  low-voltage  distribution  system. 

The  literature  and  draft  standards  contain  many  examples 
of  such  scenarios,  but  it  seems  that  each  is  confined  to  a 
specific  approach  or  power  system  configuration  with  fairly 
detailed  arrangements  of  load  connections.  The  result  is  that 
from  this  plurality  of  examples,  it  is  difficult  to  extract  a clear 
perception  of  the  significant  parameters  in  the  dispersion  of  the 
lightning  current  resulting  from  different  earthing  practices.  In 
this  paper,  we  will  simplify  the  scenarios  to  concentrate  on  the 
fundamental  difference  between  the  neutral  earthing  practices. 
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II.  the  tt  and  the  tn  systems 

The  IEC  has  promulgated  a letter  code  system  describing 
the  arrangement  of  the  neutral  earthing  in  single-phase  and 
puiyphase  power  systems  [2].  For  the  purposes  of  our  paper, 
we  can  summarize  the  TT  system  as  being  a distribution  system 
where  the  neutral  is  earthed  only  at  the  distribution  transformer 
secondary,  and  the  protective  earth  in  a building  is  obtained 
from  a local  earth  electrode.  This  system  is  used  in  some 
countries.  The  TN  system  has  its  neutral  earthed  at  any 
available  opportunity  outside  of  a building,  including  the 
distribution  transformer  secondary,  some  or  all  poles,  and  the 
service  entrance.  In  the  United  States,  an  “Equipment 
Grounding  Conductor”  (EGC)  is  created  at  the  service 
entrance,  bonded  to  the  incoming  power  system  neutral  and  to 
the  common  local  earthing  point,  after  which  the  neutral 
conductor  and  the  EGC  are  carefully  (and  by  mandate  from  the 
Nanonal  Electrical  Code  [3])  kept  separate  from  one  another. 


III.  NECESSARY  SIMPLIFICATIONS 

Another  difficulty  in  making  a detailed  comparison  of 
results  from  different  authors  is  that  different  models  are  often 
used.  When  apparently  different  results  are  reported,  a 
lingering  question  is  that  of  differences  attributable  to  the 
simplifying  assumptions  and  possible  modeling  artifacts.  We 
have  used  the  well-known  EMTP  code  [1]  for  which  our 
previous  experience  in  cross-validation  between  the  computer 
model  and  frill-scale  experimental  measurements  [4],  [5]  gave 
us  great  confidence  in  the  validity  of  the  results. 

The  literature  offers  many  contributions  on  the  system 
simulation  but  our  purpose  is  not  literature  review  - again,  our 
purpose  is  only  to  focus  on  the  neutral  practices  considerations. 
However,  to  support  some  of  our  postulates,  we  will  cite  some 
papers  to  show  that  in  the  maze  of  assumptions, 
simplifications,  and  simulations,  we  are  not  alone. 

A.  Down-conductor  representation 

Some  authors  have  included  in  their  modeling  a down- 
conductor  feeding  the  stroke  current  to  the  common  bonding 
point  of  the  building  [6].  In  our  model,  since  we  postulate  that 
the  current  is  delivered  from  a current  source,  the  impedance  of 
the  down-conductor  has  no  effect  on  the  current  being  injected 
at  the  common  bonding  point  which  is  the  point  at  which 
dispersion  (sharing)  begins.  Therefore,  we  did  not  include  a 
down-conductor  in  our  models. 

B.  Earthing  impedance  as  a function  of  time  and  current 

Some  authors  consider  the  fact  that  the  exact  value  of  the 
earthing  impedance  is  variable  as  a function  of  time  and  current 
level.  For  instance,  [6]  initially  proposes  a model  involving 
resistance,  capacitance,  and  inductance,  with  some  dependency 
on  time  or  current,  or  both.  But  after  studying  the  problem 
closer,  the  authors  of  [6]  conclude  that  a reasonable  approxi- 
mation is  merely  a fixed  10-Q  resistance.  We  have  used  this 
value  in  our  models  of  the  building  earthing,  and  postulated  an 
improved,  lower  5-Q  resistance  at  the  earthing  electrode  of  the 
distribution  transformer. 


C.  Other  available  current  paths 

Some  standard  proposals  include  telephone,  water  and  gas 
connections  as  possible  paths  for  the  earth-seeking  lightning 
current.  Considering  that  the  telephone  service  is  a balanced 
system  normally  isolated  from  earth  (until  a network  interface 
device  becomes  involved),  that  some  water  and  gas  services  can 
include  a cathodic-protection  isolation  or  be  implemented  with 
plastic  pipes,  we  chose  a conservative  approach  of  not 
including  these  as  additional  paths  to  earth. 

D.  Actual  Circuit  Configuration  for  Service  Entrances 

Figure  1 shows  a schematic  of  a single-phase  3 -wire  TN 
1 20/240-V  service  to  a building.  One  surge-protective  device 
(SPD)  is  connected  between  each  of  the  two  lines  and  the 
common  earth  at  the  service  entrance,  ignoring  any  SPDs  within 
the  building  under  the  assumption  that  in  a well-coordinated 
cascade  [7]  the  majority  of  the  current  is  carried  by  the  service 
entrance  SPD  which  has  the  lowest  limiting  voltage  in  the 
installation.  The  stroke  current,  postulated  to  have  terminated 
on  a point  of  the  earthing  system  of  the  building,  can  seek  a 
path  to  earth  in  two  ways:  directly  through  the  earth  electrode 
of  the  building,  and  by  means  of  the  three  conductors  back 
toward  the  power  system. 


Figure  1.  Service  connections  in  a 3-wire  TN  system 

Figure  2 shows  a schematic  of  a three-phase  4-wire  TT 
230/400-V  service  to  a building.  A dedicated  protective  earth  is 
created  and  connected  to  a local  earth  electrode,  while  the 
incoming  neutral  of  the  power  distribution  system  is  not  bonded 
to  this  protective  earth.  At  the  service  entrance,  SPDs  are 
connected  between  the  local  earth  and  each  of  the  incoming 
lines  and  the  neutral. 


Figure  2 - Service  entrance  connections  in  a 3-phase,  4-vyire  TT  system 
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E.  Postulated  lightning  stroke  current 

While  some  authors  propose  a 200  kA,  10/350  ps  surge 
[8],  [9],  others  suggest  that  even  a 1 00  kA  peak  might  already 
be  too  high  a value  [6],  [10],  [11].  In  agreement  with  the  latter 
three  references,  we  postulated  a 100  kA  peak,  10/350  ps  surge 
current.  This  selection  also  offers  the  convenience  that  when 
we  report  current  levels  in  kiloamperes  in  the  various  circuits, 
the  numbers  also  represent  the  percentage  of  the  sharing, 
making  it  easier  to  follow  the  process.  Since  many  standards 
for  surges  impinging  on  SPDs  (at  the  service  entrance)  are  still 
based  on  an  8/20  ps  current  waveform,  we  will  also  show  one 
example  of  the  energy  deposition  in  the  SPDs  when  such  an 
8/20  ps  surge  is  postulated. 

The  surge  currents  are  modeled  using  the  EMTP  Type  60 
Slave  Source.  Using  the  “Freeform  FORTRAN”  expression, 
any  surge  current  waveform  that  can  be  expressed  as  a closed- 
form  equation  can  be  used  as  signal  source  in  the  main  EMTP 
program.  The  equations  for  the  10/350  ps  and  8/20  ps  wave- 
forms with  a 100  kA  peak  are  respectively  (1)  and  (2)  below: 

10/350  ps:  I(t)  = [I/rjJ  [exp(-t/v,)  - expft/rf]  (1) 

where  Ip=  1 00  kA 
rj  = 0.9542 
v,  = 480 
r,  = 4 

8/20  ps:  I(t)  = A Ipt3  exp(-t/T)  (2) 

where  Ip=  100  kA 
A = 0.01243 
r =3.911 

(In  both  equations,  t and  r*s  are  in  ps;  l(t)  is  in  same  units  as  lp) 

F.  Influence  of  Distribution  Transformer  Simplification 

The  presence  of  distribution  transformers  has  been 
included  in  many  models  in  the  literature,  but  their  character- 
istics are  not  the  same  among  authors.  Some  authors  have  used 
a coupled  inductor  with  parasitic  capacitor  to  represent  the 
inter-winding  capacitor  in  the  transformer  model  [12], 

While  these  models  are  more  accurate  in  studying  trans- 
former failure  modes  due  to  low-side  surges,  for  our  main 
focus  which  is  current  dispersion  among  available  paths,  we 
have  chosen  the  simple  model  postulated  in  [8]  of  a simple 
inductor  to  represent  the  winding.  As  results  show,  the 
presence  of  a transformer  at  the  far  end  of  a daisy-chain  low- 
voltage  distribution  system  does  not  have  considerable  effect 
on  the  results.  Therefore,  we  felt  justified  in  adopting  the  same 
transformer  model  as  described  in  [8]  for  all  of  our  circuit 
configurations. 

G.  Simplifying  the  Circuit  for  Modeling 

The  circuit  impedances  have  been  modeled  in  EMTP  using 
discrete  components.  The  wiring  between  buildings  and  from 
building  to  transformer  is  modeled  as  a series  inductance  with 
the  following  parameters:  R = 1 mQ/m  and  L = 1 pH/m,  typical 
values  for  aluminum  conductors  of  34  mm2  cross  section 
(#2  AWG)  [13].  The  SPDs  are  modeled  using  the  EMTP  Type 
92  Nonlinear  Element  model.  Because  of  the  simplified  nature 


of  the  model,  we  performed  parametric  variations  on  factors 
such  as  line  impedance  and  transformer  inductance,  and  found 
that  their  influence  on  current  dispersion  is  not  large  enough  to 
warrant  concern  on  the  somewhat  arbitrary  values  we  have 
postulated  in  the  baseline  scenario. 


IV.  MODELING  RESULTS 

In  this  section,  we  present  selected  results  of  EMTP  runs 
for  each  of  three  TN  or  TT  system  configurations  with  points 
of  lightning  termination  next  to  the  distribution  transformer 
(“first”  case)  or  at  the  opposite  end  of  the  transformer  (“last” 
case),  for  a total  of  seven  scenarios.  We  postulated  a separation 
of  100  m between  buildings  and  20  m from  the  transformer. 

For  each  scenario,  a pair  of  figures  is  given.  The  first 
figure  of  each  pair  is  a schematic  showing  the  configuration  and 
point  of  stroke,  together  with  indications  of  the  peak  current 
values  in  the  circuit  branches.  The  second  figure  of  each  pair 
shows  selected  current  waveforms,  generally  currents  leaving 
the  house  by  way  of  the  earthing  electrode  and  the  service 
conductors.  Note  that  the  peaks  can  occur  at  different  times 
so  that  the  sum  of  peak  branch  currents  shown  on  the  figures, 
Kirkhoff  notwithstanding,  is  not  always  exactly  zero. 

A.  TN- Radial,  strike  on  one  of  the  buildings 

A distribution  transformer  supplies  three  buildings  in  a 
radial  arrangement  where  all  the  service  drops  originate  at  the 
pole  where  the  transformer  is  installed  (Figure  3).  This 
configuration  is  a typical  U.S.  residential  configuration.  The 
lightning  stroke  is  postulated  to  terminate  on  the  earthing 
system  of  one  of  the  three  buildings.  Figure  4 shows  the 
current  waveforms. 


Figure  3 - Radial  TN  configuration  with  three  buildings  supplied  by  one 
distribution  transformer,  one  building  struck  by  a 10/350  ps,  100  kA  surge, 
showing  peak  values  of  currents  shared  among  available  paths. 
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SPD  - Current  into  each  line  of  service  drop,  through  SPDs 
GND  - Current  into  local  building  earth  electrode 
Nout  - Current  into  neutral  conductor  of  service  drop 

Figure  4 - Waveforms  of  currents  leaving  Building  1,  as  defined  in  Figure  3, 
for  a 100  kA,  10/350  ps  surge  terminating  on  the  building  earthing  system 


SPD  - Current  into  each  line  of  service  drop,  through  SPDs 

GND  - Current  into  local  building  earth  electrode 

Nout  - Current  into  neutral  conductor  toward  the  transformer  earth 


Figure  6 - Waveforms  of  currents  leaving  Building  1,  as  defined  in  Figure  5,  for 
a 100  kA,  10/350  ps  surge  terminating  on  the  building  earthing  system 


B.  TN-Daisy  chain,  strike  on  first  building 

Another  typical  arrangement  uses  a distribution 
transformer  which  supplies  several  buildings  along  a street, 
with  short  service  drops  from  the  poles  to  each  building.  The 
lightning  stroke  is  postulated  to  occur  upon  the  first  building, 
next  to  the  transformer.  Figure  5 shows  the  circuit 
configuration  and  the  peak  currents  in  the  branches;  Figure  6 
shows  the  waveforms  of  the  currents  leaving  the  building. 
Note  the  early  peak  of  the  current  in  the  neutral  — directly 
connected  to  earth  at  the  pole,  thus  a lower  inductance 
compared  with  the  inductance  of  the  line  conductors  that 
include  the  transformer  winding. 


Figure  5 - Daisy  chain  TN  configuration  with  building  next  to  transformer 
struck  by  a 10/350  ps,  100  kA  surge,  showing  peak  values  of  currents 


C.  TN-Daisy  chain,  strike  on  last  building 


Building  1 Building  2 Buildings  HOO  kA 


Figure  7 - Daisy  chain  TN  configuration  with  building  at  opposite  end  of 
transformer  struck  by  a 10/350  ps,  100  kA  surge,  showing  peak  currents 


This  is  the  same  configuration  as  B,  but  the  building  being 
struck  is  at  the  opposite  end  (Figure  7).  The  difference,  if  any, 
would  give  insight  on  the  relative  importance  of  modeling  the 
presence  of  a specific  transformer.  In  fact,  the  difference  in  the 
SPD  stress  for  a strike  on  the  first  building  (20  kA)  compared 
with  a strike  on  the  last  building  (26  kA)  is  small,  showing  the 
small  effect  of  transformer  position.  In  the  building  earthing, 
where  there  are  no  SPDs,  a strike  on  the  last  building  produces 
42  kA  compared  with  23  kA  for  a strike  on  the  first  building. 


SPD  - Current  into  each  line  of  service  drop,  through  SPDs 

GND  - Current  into  local  building  earth  electrode 

Nout  - Current  into  neutral  conductor  toward  the  transformer  earth 

Figure  8 - Waveforms  of  currents  leaving  Building  3,  as  defined  in  Figure  7, 
for  a 100  kA,  10/350  ps  surge  terminating  on  the  building  earthing  system 

For  Figures  7-8,  the  greater  distance  (inductance)  from  the 
transformer  earth  electrode  forces  initially  more  current  flow  in 
the  building  earth  than  in  Figures  5-6  for  a closer  transformer. 
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D ,  TT  2-wire,  strike  on  first  building 

A transformer  (single-phase  or  one  phase  of  a three-phase 
transformer)  supplies  several  buildings  along  a street,  with 
short  service  drops  from  the  street  poles  to  each  building.  The 
lightning  stroke  is  postulated  to  occur  upon  the  building  next 
to  the  transformer  (Figure  9).  The  waveforms  of  the  currents 
leaving  the  building  are  shown  in  Figure  10. 


single-phase  service  is  that  four  conductors  instead  of  two  are 
available  as  exit  paths  for  the  lightning  current  postulated  to 
have  struck  the  building  of  interest  (first  or  last  building). 

To  conserve  space,  we  do  not  present  two  pairs  of  figures 
for  that  configuration,  but  the  summary  of  Table  1 includes  the 
current  values  computed  by  EMTP  for  the  two  scenarios  in  that 
configuration. 


Building  f Building  2 Building  3 


20  m 100  m 100  m 

10  kA  19  kA  9.5  kA 


* Peak  occurs  early  In  the  event 

Figure  9 - Daisy  chain  TT  2-wire  configuration  with  building  next  to 
distribution  transformer  struck  by  a 10/350  ns,  100  kA  surge 


Figure  1 1 - Daisy  chain  TT  2-wire  configuration  with  building  at  opposite  end 
of  distribution  transformer  struck  by  a 10/350  ps,  100  kA  surge 


L-E  SPD  - Current  through  line-to-earth  SPD 
GND  - Current  Into  building  earthing  electrode 

Figure  10  - Waveforms  of  currents  leaving  Building  1,  as  defined  in  Figure  9, 
for  a 100  kA,  10/350  ps  surge  terminating  on  the  building  earthing  system 


L-E  SPD  - Current  through  line-to-earth  SPD 
GND  - Current  Into  building  earthing  electrode 

Figure  12  - Waveforms  of  currents  leaving  Building  3,  as  defined  in  Figure  11, 
for  a 100  kA,  10/350  ps  surge  terminating  on  the  building  earthing  system 


E.  TT  2-wire,  strike  on  last  building 

The  configuration  is  the  same  as  in  D,  but  the  lightning 
stroke  is  postulated  to  strike  the  building  at  the  opposite  end  of 
distribution  line,  away  from  the  transformer  (Figure  11). 
Figure  12  shows  the  waveforms  of  the  currents  leaving 
building  3. 

F.  TT  4-wire 

Where  end-users  are  provided  with  three-phase  service,  a 
three-phase  transformer  supplies  several  buildings  along  a 
street,  with  short  service  drops  from  the  street  poles  to  each 
building.  In  this  configuration,  the  difference  from  a 2-wire, 


G.  Comparison  of  the  seven  scenarios 

Results  of  our  model  runs  for  the  seven  scenarios  (Table  1) 
show  that,  contrary  to  some  speculations  or  intuitive 
considerations  on  the  sharing  among  service  conductors,  the 
earthing  connection  of  the  building  does  not  carry  anywhere 
near  the  50%  quoted  in  some  proposed  standards  [9]. 

The  most  severe  stress,  for  the  parameters  postulated, 
occcurs  in  the  neutral  SPD  in  Scenario  D (TT  2-wire,  first 
building  struck)  for  which  the  configuration  has  the  lowest 
impedance  to  earth  and  thus  invites  the  largest  share.  Other 
scenarios  generally  reflect  primarily  the  number  of  service-drop 
wires  available  for  the  current  exit. 
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TABLE  1 

SUMMARY  OF  CURRENT  SHARING  AMONG  CONDUCTORS  FOR  THREE  CONFIGURATIONS  IN  SEVEN  SCENARIOS  FOR  100  kA  STROKE 


Configuration: 

Distribution 

system 

Scenario: 

Building 

being 

struck 

See 

figures 

Most  severe  but  rare  - Building  being  directly  struck 

Currents  leaving  building  via  building  earthing 
and  service  conductors  (peak  kA  or  %)  * 

Less  severe  but  more  frequent 
Currents  impinging  onto 
adjacent  buildings  (peak  kA  or  %) 

Building 

earthing 

Service 

neutral 

SPD  in 
the  neutral 

SPD  in 
the  lines 

SPD  in 
the  neutral 

SPD  in 
the  lines 

TN  Radial 

Any 

3-4 

21 

33 

N/A 

23x2 

N/A 

10x2 

TN  Daisy 

First 

5-6 

23 

27 

N/A 

20x2 

N/A 

7x2 

TN  Daisy 

Last 

7-8 

42 

26 

N/A 

26x2 

N/A 

8x2 

TT  2-wire 

First 

9-10 

26 

N/A 

51 

28  x 1 

10 

10  x 1 

TT  2-wire 

Last 

11-12 

48 

N/A 

38 

38  x 1 

13 

13  x 1 

TT  4-wire 

First 



22 

N/A 

32 

16x3 

5 

5x3 

TT  4-wire 

Last 

- 

38 

N/A 

20 

20x3 

6 

5x3 

* Peak  values  do  not  occur  at  the  same  time  in  the  different  paths  so  that  totals  of  numbers  shown  may  be  more  than  the  impinging  1 00  kA  peak. 


V.  ENERGY  CONSIDERATIONS 

In  the  model  parameters,  to  start  the  iterative  process,  we 
have  postulated  that  the  SPD  consists  of  a metal-oxide  varistor 
(MOV)  with  relatively  large  cross-section  that  might  be  capable 
of  absorbing  the  energy  involved  in  diverting  the  10/350  ps 
surge.  For  the  TN  configurations,  we  selected  a 150  V rms 
rating,  and  a 300  V rms  rating  for  the  TT  configurations.  For 
the  cross  section,  we  postulated  an  area  equal  to  ten  20-mm 
discs  in  parallel  because  available  manufacturer’s  data  [14] 
readily  gives  the  20-mm  disc  characteristic.  Such  a combination 
would  have  a total  one-shot  joule  rating  of  800  joules  for  a 
10/1000  (is  surge  in  the  150  V rating. 

Because  we  suspect  that  even  this  array  of  ten  discs  might 
not  be  capable  of  dissipating  the  energy  involved  in  a 10/350  ps 
surge,  the  next  step  in  this  iterative  process  is  then  to  compute 
the  energy  that  would  be  deposited  in  the  SPDs,  under  the 
current  distribution  patterns  computed  in  the  seven  scenarios. 

As  one  example,  Table  2 shows  the  energy  deposited  in  the 
MOVs,  computed  for  the  case  of  the  TN  Radial  configuration 
where  one  SPD  is  connected  between  each  of  the  two  lines  and 
the  earth  point  of  the  installation  (Figure  3).  Two  waveforms 
are  shown  in  the  table,  the  10/350  ps  and  the  8/20  ps  surges. 


TABLE  2 

ENERGY  DEPOSITION  IN  SERVICE  ENTRANCE  MOVS 
FOR  THE  TN  RADIAL  CONFIGURATION  AND  TWO  WAVEFORMS 


Waveform 

Rating  for  ten 
20-mm  discs 

Energy  deposition 

Direct  strike 

Nearby  strike 

10/350  ps 

800  J 

3500  J 

840  J 

8/20  ps 

800  J 

200  J 

80  J 

For  the  10/350  ps  waveform,  the  rare  scenario  of  a direct 
strike  (energy  deposited  is  3500  1)  would  require  a very  large 
varistor  at  the  service  entrance  — four  times  the  ten  discs  we 
postulated,  while  this  ten-disc  array  would  be  sufficient  in  the 
less  rare  scenario  of  a nearby  strike  (840  J). 

On  the  other  hand,  if  we  were  to  stay  with  the  8/20  ps  as  a 
postulated  waveform,  even  the  large  100  kA  peak  would  be 
handled  with  comfortable  margin  by  the  ten-disc  array.  These 
results  provide  quantitative  data  which  we  will  discuss  further 
under  the  Cost/Risk  heading. 


VI.  PARAMETRIC  VARIATIONS 

We  performed  several  parametric  variations  for  the  purpose 
of  exploring  the  typical  “what  if’  questions,  and  also  to  show 
whether  or  not  our  postulated  values  might  be  viewed  as  too 
arbitrary  because  of  their  influence  on  the  results. 

A.  Line  impedance  and  building  separation 

The  value  of  1 pH/m  for  conductors  has  long  been  used  by 
many  researchers  as  a typical  value.  To  investigate  the 
significance  of  that  postulated  1 pH/m  combined  with  the  100- 
m separation,  we  ran  two  cases,  one  with  half  the  value  and  one 
with  double  the  value.  The  first  case  corresponds  to  either  half 
the  separation  for  the  same  unit  impedance  or  half  the  unit 
impedance  with  the  same  separation.  For  the  second  case,  one 
of  the  parameters  is  doubled  while  the  other  is  held  constant. 
Table  3 shows  a comparison  of  the  baseline  case  with  these  two 
parametric  variations. 


TABLE  3 

EFFECT  OF  LINE  IMPEDANCE  ON  SHARING  - TN  DAISY  LAST 


Percent  of  100  kA  peak 

Baseline 

100  m,  1 pH/m 

Half 

baseline 

Double 

baseline 

Current  into  building  earthing 

42 

32 

53 

Current  in  service  neutral 

26 

27 

25 

Current  in  SPDs 

26 

26 

25 

This  comparison  shows  no  significant  differences  in  the 
current  sharing  for  each  of  the  three  available  conductors  (there 
are  two  line  conductors,  each  with  an  SPD)  when  the  postulated 
unit  impedance  or  building  separation  is  varied  over  a 1:4 
range,  so  that  our  selection  for  these  two  parameters  should  not 
be  a matter  of  concern. 

B.  Transformer  pole  earthing  resistance  and  building 
earthing  system  resistance 

By  their  relationship,  these  parameters  can  be  expected  to 
have  an  influence  on  the  outcome.  In  the  baseline  case,  we 
postulated  a 5-Q  pole  earthing  resistance  and  a 10-Q  building 
earthing  resistance.  Table  4 shows  the  comparison  of  the 
baseline  case  with  the  reversed  relationship  between  the  pole 
earthing  resistance  and  the  building  earthing  resistance. 
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TABLE  4 

EFFECT  OF  POLE  EARTHING/BUILDING  EARTHING  - TN  RADIAL 


Percent  of  1 00  kA  peak 

Baseline 

Reverse  baseline 

5-Q  pole,  10-Q  bldg. 

10-Q  pole,  5-Q  bldg. 

Current  in  building  earth 

21 

31 

Current  in  service  earth 

33 

14 

Current  in  SPD 

23 

22 

Indeed,  the  relationship  of  pole  versus  building  earthing 
resistance  has  a significant  effect  on  the  current  carried  by  the 
neutral,  but  not  on  the  current  carried  by  the  SPDs.  This  is 
particularly  true,  although  not  obvious  in  the  table  (where  only 
the  peak  values  are  shown,  reflecting  the  inductive  effect  on 
initial  current  dispersion),  for  the  tail  of  the  10/350  ps 
waveform  where  the  subsequent  sharing  is  determined  by  the 
resistance  ratios  [6],  [12]. 

C.  Length  of  circuit  (more  buildings  along  a street) 

Postulating  a greater  number  of  buildings  along  the  daisy 
chain,  while  keeping  the  resistance  of  the  building  earthing 
constant,  can  be  expected  to  offer  a path  of  lesser  impedance  to 
the  currents  exiting  the  building,  because  of  the  greater  number 
of  available  earth  electrodes.  Table  5 shows  the  effect  of  going 
from  3 buildings  (baseline)  to  9 buildings,  still  with  the  last 
building  being  struck. 


TABLE  5 

EFFECT  OF  NUMBER  OF  BUILDINGS  IN  TN  CIRCUIT 
ON  SHARING,  DISTANT  HOUSE  STRUCK 


Percent  of  100  kA  peak 

Baseline  3 buildings 

9 buildings 

Current  in  building  earth 

42 

42 

Current  in  service  earth 

39 

14 

Current  in  SPD 

26 

27 

Again  in  this  case,  a difference  is  noticeable  in  the  neutral 
conductor  current,  but  not  in  the  SPD  current.  Thus,  this  para- 
metric variation  shows  that  the  number  of  buildings  between  the 
building  being  struck  and  the  distribution  transformer,  while 
affecting  the  neutral  current,  does  not  affect  the  stress  imposed 
on  the  SPDs  in  this  TN  configuration. 

VII.  DISCUSSION 

A.  Effect  of  postulated  waveform 

While  we  have  adopted  for  our  baseline  the  10/350  ps 
waveform,  many  SPD  standards  cite  an  8/20  ps  or  a 4/10  ps 
surge  waveform  as  an  SPD  capability  requirement  [15],  [16]  or 
as  a surge  environment  description  [17].  To  explore  the  effect 
on  sharing  of  the  stroke  current  with  different  waveforms,  in 
particular  during  the  initial  part  of  the  10/350  ps  surge  where 
inductive  effects  dominate  for  the  circuit  parameters  selected, 
we  made  one  run  with  a 8/20  ps  surge  instead  of  the  10/350  ps 
used  in  the  baseline  case  of  the  TN  Radial.  Predictably,  given 
the  small  difference  between  a 10  ps  and  an  8 ps  rise  time,  little 
effect  was  noted  in  the  sharing  during  the  first  20  ps.  Of 
course,  the  energy  involved  for  the  total  surge  duration  is 
another  matter,  already  discussed  in  Section  V. 


B.  Selection  of  SPDs 

If  the  design  objective  is  to  provide  protection  for  a direct 
stroke  to  the  building  (a  topic  which  will  be  the  subject  of  the 
cost/risk  analysis  mentioned  below),  the  SPDs  must  be  selected 
with  sufficient  current-handling  capability  to  survive  the  surges 
resulting  from  the  postulated  surge. 

Alternate  proposals  have  been  made  to  use  a spark  gap  as 
service  entrance  SPD.  Such  a gap  must  then  be  capable  of 
clearing  the  resulting  follow  current,  which  may  be  an  issue  for 
systems  having  a large  available  fault  current,  such  as  the  10  kA 
rms  specified  for  U.S.  installations  [3],  [18], 

We  have  made  one  run  with  a spark  gap  model  instead  of 
a varistor  model.  From  the  sharing  point  of  view,  the  difference 
is  small,  which  can  be  readily  explained  by  the  fact  that 
inserting  in  the  lightning  current  paths  a varistor  with  a limiting 
voltage  of  1 kV  or  so,  or  a gap  with  an  arc  voltage  of  100  V or 
so,  should  have  a very  small  effect  on  the  sharing  because  of 
the  many  kilovolts  developed  by  the  lightning  current  flowing 
in  the  inductances  and  resistances  of  the  line  conductors  and 
earthing  connections. 

C.  Cost/Risk  Analysis 

An  essential  aspect  of  designing  an  effective  surge 
protection  system  is  to  perform  a cost/risk  analysis  involving 
the  probability  of  a building  being  struck  by  a large  surge,  such 
as  100  kA,  versus  the  cost  of  ensuring  survival  of  the  service 
entrance  SPDs  to  be  installed.  This  analysis  introduces  factors 
such  as  the  flash  density  in  the  locale,  the  randomness  of  the 
distribution  of  the  flashes  over  the  area  of  attraction  of  the 
building  which  depends  in  part  on  the  height  of  the  building, 
and  the  distribution  of  peak  amplitudes  of  lightning  strokes. 
For  instance,  [11]  reports  statistics  [19]  whereby  an  80  kA 
amplitude  is  exceeded  for  less  than  5%  of  the  strokes.  Such  an 
analysis  is  beyond  the  scope  of  our  paper,  but  it  must  be 
mentioned  here  to  keep  the  situation  in  perspective  and  remind 
developers  of  SPD  application  guides  or  standards  to  include  it 
in  their  recommendations. 

D.  Applying  field  experience  to  standards 

The  ultimate  test  of  the  usefulness  of  a standard  is  that 
equipment  manufactured  according  to  that  standard  has 
satisfactory  field  experience,  while  being  produced  at  a cost  that 
users  are  willing  to  accept.  Very  low  field  failure  rates  can  be 
seen  as  overdesign,  high  failure  rates  obviously  as  underdesign. 
It  is  the  dream  of  one  of  the  authors  to  establish  a clearinghouse 
where  field  experience  of  manufacturers  could  be  collected  and 
applied  to  optimize  the  definition  of  the  environmental  stress 
[20].  Given  die  competitive  nature  of  the  industry,  this  is  likely 
to  remain  only  a dream.  However,  many  U.S.  utilities  are  now 
offering  to  their  customers  the  installation  of  a meter-base 
adapter  SPD.  The  field  experience  for  these  SPDs  might  be 
collected  from  utilities  - with  safeguards  on  proprietary 
information  --  and  become  an  input  to  the  process  of 
moderating  some  proposals  for  high-stress  requirements,  on  the 
basis  of  the  successful  field  experience  of  SPDs  with 
capabilities  below  those  implied  in  proposed  standards. 
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VIII.  CONCLUSIONS 

Modeling  several  typical  TN  and  TT  configurations  of 
neutral  earthing  practices  and  scenarios  of  lightning  strike  point 
provides  insights  on  significant  effects,  which  should  lead  to 
more  effective  application  of  surge-protective  devices  (SPDs). 

1 . A direct  lightning  stroke  to  a building  can  produce  high 
stresses  on  the  service  entrance  SPDs  as  the  earth-seeking 
current  will  exit  in  part  by  way  of  the  utility  service  drop. 
SPDs  in  that  building  will  be  strongly  affected,  while  nearby 
buildings  will  be  impacted  by  much  lower  surge  currents. 

2.  The  major  difference  among  the  scenarios  we  have  modeled 
appears  in  the  current  carried  away  from  the  building  by  the 
neutral  conductor. 

• In  a TN  system  where  the  neutral  is  bonded  to  earth  at  the 
service  entrance,  there  is  no  SPD  in  that  path,  and  thus  no 
concern  about  neutral  SPD  integrity.  In  typical  residential 
single-phase  U.S.  systems,  the  line  SPDs  can  carry  about 
25%  of  the  stroke  current. 

• In  a TT  system  where  there  is  an  SPD  in  the  neutral  path, 
a single-phase  two-wire  configuration  can  have  50%  of 
the  stroke  current  being  carried  by  the  neutral  SPD.  In  a 
three-phase  TT  system  where  there  are  four  conductors  to 
carry  away  the  stroke  current,  the  neutral  SPD  can  carry 
up  to  30%  of  the  stroke  current. 

3.  For  line  conductors,  the  difference  reflects  primarily  the 
total  number  of  conductors  in  the  system,  which  can  be  two, 
three  or  four.  The  earth-seeking  lightning  current  will  divide 
(but  not  always  equally)  among  these  conductors.  While  the 
initial  dispersion  (during  the  first  20  ps)  is  controlled  by  the 
inductances,  the  later  dispersion  is  controlled  by  the  relative 
values  of  the  earthing  resistances. 

4.  If  the  postulated  stroke  is  as  high  as  some  of  the  proposed 
standards  suggest,  modeling  the  behavior  of  service  entrance 
SPDs  of  the  type  installed  in  increasing  numbers  by  U.S. 
utilities  shows  that  some  failures  could  be  expected.  As 
field  experience  seems  to  indicate  an  acceptable  failure  (if 
any)  rate,  one  can  question  the  need  for  imposing  such 
severe  requirements,  unless  the  mission  of  the  facility  is 
such  that  even  a rare  failure  would  be  unacceptable. 
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Discussion 

P.  Hasse  and  J.  Birkl  (Dehn  + Sdhne,  92318  Neumarkt, 
Germany):  The  problem  of  lightning  current  distribution 
depending  on  the  different  kinds  of  current  distribution 
systems  and  under  the  influence  of  possible  variables  has  been 
very  clearly  represented  with  this  contribution. 

The  curve  development  gained  by  the  EMTP  program 
matches  very  well  with  the  simulation  calculations  conducted 
in  Germany  with  the  PSPICE  program. 

In  respect  to  the  described  results,  however,  a few  additions 
are  necessary  from  our  point  of  view: 

1.  Section  III.  G.  and  VI.  A.: 

The  induction  of  a conductor  system  always  results  out  of 
the  geometric  system  of  the  slip-knot  consisting  of  coming 
and  going  conductor.  A separation  in  coming  conductor 
impedance  and  going  conductor  impedance  is  not  realistic. 

In  particular,  in  case  of  multiple  conductor  cables  it  is  to  be 
observed  that  in  case  of  the  same  flow  direction  of  the 
lightning  current,  the  inductivity  of  the  total  system 
differentiates  to  a single  conductor  system. 

2.  Section  VI.  Schedules  3 - 5: 

In  particular,  in  case  of  longer  connecting  cables  between 
buildings  and  between  building  and  transformer  a change 
in  waveform  of  the  surge  flowing  through  these  cables. 
Only  the  observance  of  the  amplitude  factor  of  the  flowing 
lightning  currents  is  not  sufficient.  In  this  situation,  it 
would  be  more  meaningful  to  consider  also  the  energy 
distribution. 

3.  Section  VII.  B.: 

For  decades  now,  in  Europe,  spark  gap  arresters,  with  a 
mains  follow  current  quenching  capability,  are  being 
installed  successfully  as  lightning  current  arresters  at  the 
building  entrance.  In  particular,  the  high  down-lead  ability 
and  impulse-time  shortening  of  the  rest  impulse  make  a 
favourable  co-ordination  with  connecting  MOV's  possible. 

4.  Section  VII.  4: 

The  lightning  protection  necessity  for  a system,  as  well  as 
the  deduced  lightning  protection  class  resulting  from  this, 
is  described  in  IEC  1662.  At  the  same  time  the  lightning 
protection  class  is  determined,  the  layout  of  the  lightning 
protection  system  necessary  lightning  parameters  are 
defined  (IEC  1312-1).  A deviating  layout  of  protection 
measures  on  the  basis  of  test  currents  8/20  ps  is  therefore 
not  permissible. 

Manuscript  received  November  3,  1997. 


Francois  D.  Martzloff  (National  Institute  of  Standards  and 
Technology,  Gaithersburg  MD) : 

We  thank  the  two  authors  of  the  discussion  for  taking  the  time 
to  review  our  paper  and  provide  comments  aimed  at  broadening 
the  consensus  on  the  subject.  In  particular,  we  are  delighted  to 
hear  that  our  computations  based  on  EMTP  matches  very  well 
with  the  simulation  calculations  conducted  in  Germany  with  the 
PSPICE  program.  With  respect  to  their  specific  four  comments, 
we  offer  the  following  responses,  preceded  by  the  general 
remark  that  the  purpose  of  our  computations  was  to  reveal  the 
differences  among  various  postulates  for  the  circuit  configu- 
rations, as  influenced  by  the  grounding  practices  for  the  neutral 
in  effect  in  different  countries,  rather  than  the  precise  values  for 
a particular  set  of  parameters.  We  emphasize  the  concept  of 
postulate,  lest  we  fall  into  the  trap  of  taking  electromagnetic 
environment  standards  as  an  exact  duplication  of  reality,  while 
they  are  in  fact  only  the  documentation  of  an  industry  consensus 
on  how  reality  might  be  represented 

1.  Section  II  G and  FV  A 

Indeed,  the  concept  of  inductance  is  based  on  a conductive 
loop  that  carries  the  current  in  a closed  circuit.  However,  in  the 
circuits  we  postulated  for  our  computations,  the  conductors  in 
question  — phase  and  neutral  — may  be  considered  as  one  part 
of  the  closed  circuit  and  might  be  called  “coming,”  according  to 
the  terminology  used  by  our  colleagues,  while  the  path  con- 
sisting of  the  earth,  the  distant  return  to  the  cloud,  the  lightning 
channel,  and  even  the  down-conductor  (see  Section  III  A)  may 
be  considered  as  the  other  part  of  the  loop  and  might  be  called 
“going”  conductors. 

For  this  reason,  we  represented  in  our  figures  the  phase  and 
neutral  as  if  they  were  separate,  while  in  reality  they  can  be  at 
some  finite  distance  from  each  other  (the  so-called  “open 
wiring”  used  in  overhead  lines)  or  in  close  vicinity,  as  in  the  case 
of  an  underground  cable  or  an  overhead  “triplex.”  Aware  of  the 
differences,  we  started  our  computations  for  a given,  postulated 
configuration  — always  the  same  for  the  variations  in  the  neutral 
grounding  — but  performed  a parametric  variation  in  the  line 
inductance  (taking  twice  or  half  the  value  used  in  the  baseline), 
as  stated  in  the  subject  paragraph,  to  convince  ourselves  that  the 
influence  on  dispersion  is  not  large  enough  to  cause  concern. 
Space  limitations  for  the  paper  prevented  us  from  providing 
detailed  numerical  results  — as  they  also  do  here  — and  we 
were  hoping  that  our  simple  statement  that  we  did  consider  the 
issue  and  found  little  effect  on  the  differences  among  neutral 
grounding  scenarios  might  be  acceptable. 

2.  Section  VI  3 to  5 

One  of  the  results  of  our  computations  based  on  a postulated 
10/350  ps  waveform  was  to  show  that,  for  the  distances  we 
selected,  the  impedance  of  the  cable  between  buildings  — and 
therefore  their  length  — has  only  a small  influence  on  the  long- 
term current  waveform  and  dispersion  among  conductors,  which 
is  primarily  influenced  by  the  postulated  values  for  respective 
earthing  resistances.  With  the  values  selected  for  inductances, 
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the  cuiTent  dispersion  is  substantially  affected  by  the  respective 
inductances  only  for  the  first  20  or  30  ps. 

We  agree  that  additional  information  might  be  conveyed  by 
reporting  the  energy  distribution  along  the  complex  path  of  the 
lightning  current,  but  here  again  space  limitations  intervene.  We 
can  offer  the  response,  however,  that  in  view  of  the  large  values 
of  the  earthing  resistance  compared  to  the  other  resistances  in 
the  circuit  — cable  resistances  and  dynamic  “resistances”  of  the 
varistor  or  gap  SPDs  — the  latter  are  not  a priority  in  reporting 
results.  The  EMTP  model  of  course  has  the  capability  of 
reporting  any  set  of  parameters  if  “asked”  to  do  so. 

For  specific  applications  of  one  type  or  another  of  SPD 
technology,  the  EMTP  model  can  provide  detailed  information 
on  the  energy  that  will  be  deposited  in  these  SPDs  for  the 
various  scenarios  to  be  considered. 

Section  VII  B 

We  are  aware  that  in  some  countries,  the  installation  of  a 
service-entrance  arrester  is  a common  practice,  and  that  gapped 
arresters  may  be  used  for  that  purpose.  The  issue  is  one  of  cost 
vs.  benefits  for  an  arrester  designed  for  the  large  lightning 
currents  associated  with  a rare  direct  strike  to  the  building.  We 
have  observed,  during  our  interactions  with  several  international 
or  IEEE  technical  committees,  that  consensus  has  not  been 
reached  on  what  current  waveform  and  peak  amplitudes  should 
be  considered  when  making  the  cost  vs.  benefits  analysis. 
Depending  on  the  nature  of  the  installation,  the  cost  vs.  benefits 
equations  are  different.  Several  proposals  for  “risk  analysis”  are 
currently  under  consideration  in  several  standards-developing 
bodies,  and  consensus  is  clearly  not  achieved  at  this  point.  This 
lingering  question  is  addressed  in  our  response  to  the  fourth  and 
last  comment  after  the  present  one. 

Our  intention  in  making  the  remark  on  available  fault 
current  in  the  second  paragraph  of  this  section  was  not  to  contest 
the  successful  European  experience  cited  by  our  colleagues,  but 
to  alert  our  readers  at  large  to  the  importance  of  considering  that 
requirement.  The  point  that  mains  follow-current  quenching 
capability  is  not  trivial  was  confirmed  in  a comment  by  one  of 
the  reviewers  of  our  forthcoming  paper,  “Gapped  Arresters 


Revisited”  (scheduled  for  presentation  at  the  IEEE-PES  Winter 
1998  Meeting  and  later  publication  in  IEEE  Transactions). 

Section  VII 4 

We  are  aware  of  the  work  conducted  in  the  IEC  Technical 
Committee  81,  the  responsible  body  for  development  of  the  IEC 
61662  and  EEC  61312  publications.  We  are  also  aware  of  some 
discomfort  among  other  parties  concerning  the  stipulations  from 
that  body  which  might  result  in  less  than  fully  cost-effective 
solutions  to  the  question  of  real  necessity  for  protection  against 
worst-case  scenarios.  The  footnote  offered  in  support  of  our 
introductory  remark  applies  here  also.  There  is  a long  and 
successful  history  of  application  of  surge-protective  devices 
based  on  a postulated  8/20  ps  surge  current  waveform,  using  the 
appropriate  values  of  amplitudes.  For  that  reason,  we  included 
in  our  paper  as  alternate  postulate  the  8/20  ps  waveform.  From 
the  point  of  view  of  EEC  TC  81,  their  recommendations  might  be 
considered  normative  and  thus  non-negotiable,  but  protection 
measures  in  the  various  countries  are  typically  determined  — if 
at  all  — by  bodies  that  promulgate  codes  based  on  a consensus 
drawn  from  experience  based  not  exclusively  on  TC  81  recom- 
mendations. Therefore,  the  use  of  the  term  “not  permissible” 
appears  somewhat  strong  in  the  context  of  voluntary  or  even 
regulatory  practices. 

In  conclusion,  we  appreciate  the  opportunity  to  present  more 
detailed  background  information  on  our  computations  and 
underlying  postulates,  thanks  to  the  discussion  contributed  by 
our  colleagues. 


1.  Long  ago,  my  mentor,  Frank  Fisher,  taught  me  this  concept 
which  / recite  in  the  following  terms,  well  worth  repeating  in  the 
present  context:  “ The  criterion  of  validity  of  an  environment 
standard  is  not  so  much  how  closely  it  duplicates  reality  but 
rather  how  well  equipment  designed  in  accordance  with  this 
standard  perform  in  the  field.  If  equipment  designed  in 
accordance  with  the  standard  perform  well  in  the  field,  while 
equipment  ignoring  the  standard  do  not  perform  well,  the 
chances  that  the  standard  be  a good  standard  are  pretty  good.  ” 

Manuscript  received  January  7,  1998. 
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Significance: 

Part  2 Development  of  standards 
Part  7 Mitigation  techniques 

The  application  of  surge-protective  devices  (SPDs)  in  low-voltage  AC  power  circuits,  in  particular  metal-oxide 
varistors  (MOVs)  has  been  influenced  by  the  perception  that  low-limiting  voltage  is  a desirable  characteristic. 
Unfortunately,  this  low  limiting  voltage  - intended  for  surge  protection  - makes  the  devices  more  susceptible  to 
fail  under  conditions  of  extended  temporary  overvoltage  (TOV). 

Like  any  electronic  component,  SPDs  will  fail  if  overstressed  beyond  reasonable  limits,  and  this  is  not  a cause  for 
rejecting  their  application,  but  a cause  for  concern  on  ensuring  that  the  failure  mode  - rare  as  it  might  be  - will  be 
acceptable. 

This  acceptability  must  also  take  into  consideration  the  effect  of  the  available  fault  current  that  the  power  system 
can  deliver  at  the  point  of  connection  of  the  SPD.  This  point  needs  to  be  more  clearly  and  specifically  stated  in 
emerging  standards  on  SPD  applications. 


136 


The  Dilemma  of  Surge  Protection  vs.  Overvoltage  Scenarios 
Implications  for  Low-Voltage  Surge-Protective  Devices 


137 


Arshad  Mansoor.  Member,  IEEE  Francois  Martzloff,  Fellow,  IEEE 

Power  Electronics  Applications  Center  National  Institute  of  Standards  and  Technology* 

Knoxville  TN  37932  USA  Gaithersburg  MD  20899  USA 


Abstract  - The  application  of  surge-protecdve  devices  in  low- 
voltage  systems  faces  the  dilemma  of  providing  effective  limiting 
against  surges  while  not  attempting  to  limit  the  temporary 
overvoltages  that  do  occur  in  a power  system.  The  paper  illustrates 
this  dilemma  with  specific  scenarios  and  presents  recommendations 
for  reconciling  these  two  conditions  through  adequate  design  and 
more  explicit  standards. 

I.  INTRODUCTION 

The  concept  of  “Whole-House  Surge  Protection”  has  become 
a popular  subject  of  discussion  and  has  in  fact  been 
implemented  by  several  utilities  in  North  America.  In  this 
approach,  the  utility  will  install  a surge-protective  device  (SPD) 
at  the  service  entrance  of  the  customer  and  provide  additional 
plug-in  SPDs.  These  additional  SPDs  are  presumed  to  be 
well-coordinated  with  the  service-entrance  SPD,  and  are 
installed  within  the  customer  premises,  presumably  at  the  point 
of  connection  of  so-called  “sensitive  appliances”  such  as  home 
entertainment,  computers,  and  sophisticated  kitchen  appliances. 

The  main  purpose  of  these  SPDs  is  to  protect  sensitive 
equipment  against  surges,  a mission  that  they  can  accomplish 
quite  well.  However,  the  failure  mode  of  these  devices  under 
temporary  overvoltages  (TOVs)  that  might  be  expected  under 
abnormal  but  possible  conditions  of  the  power  system  has 
become  cause  of  some  concern  for  utilities  and  their  customers. 

An  SPD  should  not  be  expected  to  protect  downstream 
equipment  in  the  case  of  a TOV  and  then  return  to  normal 
operation,  as  it  does  by  definition  for  surge  protection.  The 
dilemma  for  SPD  designers  is  whether  to  select  a maximum 
continuous  operating  voltage  (MCOV)  high  enough  to  survive 
common  TOVs  — but  at  the  price  of  diminished  surge 
protection  — or  to  select  surge  protection  with  a lower  MCOV 
— and  then  accept  failure  of  the  SPD  for  infrequent  but 
possible  TOVs.  In  any  case,  one  should  expect  that  if  a TOV 
at  any  level  would  cause  the  SPD  to  fail,  that  failure  mode 
should  be  acceptable. 
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This  dilemma  of  surge  protection  versus  overvoltage  scenarios 
has  been  created  by  the  industry’s  obsession  with  providing 
very  low  clamping  voltages  for  surge  mitigation  (Martzloff  & 
Leedy,  1989[1])  And  now,  the  need  to  ensure  coordination  of 
the  “cascade”  of  the  service-entrance  SPD  and  the  plug-in 
SPDs  has  exacerbated  this  situation.  The  issue  of  cascade 
coordination  has  already  been  debated  at  length  in  the  literature 
(Martzloff  & Lai,  1991  [2]);  (Stonely  & Stringfellow,  1991  [3]); 
(Hostfet  et  al.,  1992  [4]);  (Rousseau  & Perche,  1995  [5]). 
Further  debate  or  exhaustive  references  to  the  many  papers  on 
that  subject  is  not  our  purpose.  It  is  mentioned  here  only  as  a 
contributing  factor  to  the  dilemma,  but  a factor  that  cannot  be 
ignored  in  a complete  assessment. 

H.  SURGE  PROTECTIVE  DEVICES 
FOR  LOW-VOLTAGE  SYSTEMS 

The  introduction  of  metal-oxide  varistors  (MOVs)  in  the 
seventies  was  a timely  innovation,  concurrent  with  the 
increasing  use  of  semiconductors  in  consumer  products.  While 
these  semiconductors  opened  new  opportunities,  their  relatively 
low  tolerance  for  surges  created  a strong  demand  for  better 
surge-protective  devices.  Unfortunately,  market  competition 
encouraged  a downward  “auction”  that  led  to  attributing  high 
value  to  low  clamping  voltages,  a situation  unwittingly 
encouraged  by  the  listing  of  “transient  suppression  levels” 
stipulated  in  UL  Standard  1449  [6].  The  list  begins  at  330  V 
for  SPDs  intended  for  120  V circuits,  although  there  is  good 
evidence  that  most  consumer  loads  do  not  need  such  a low  level 
of  protection  (Anderson  & Bowes,  1990  [7]);  (Smith  & 
Standfcr,  1992  [8]). 

The  generic  structure  of  typical  low-voltage  residential  power 
systems  is  shown  in  Figure  1 for  the  case  of  a detached  home. 
Underground  service  has  similar  characteristics.  This  system 
extends  from  the  outdoor  line-side  of  the  service  drop  all  the 
way  through  the  premises  wiring,  including  plug-in  type  SPDs. 
Figure  1 also  shows  the  various  locations  where  an  SPD  can  be 
installed. 

Typically,  there  are  six  locations.  The  first  three:  © at  the 
outdoor  weather-head,  (2>  at  the  service  entrance,  and  @ on  the 
line  side  of  the  main  disconnect  are  within  the  scope  of  IEEE 
Std  C62.34  [9].  The  next  three  are  within  the  scope  of  ongoing 
IEEE  project  P62.62  [10]:  <3)  at  the  load  side  of  the  panel 
disconnect,  ® at  a permanently  wired  receptacle,  and  ® as  a 
plug-in  device.  Locations  <D  through  ® are  within  the  premises 
wiring  and  therefore  under  the  control  of  the  end-user,  while 
locations  © and  (2)  are  under  the  control  of  the  utility. 
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Figure  1 - Possible  SPD  locations  for  a residential  building 


An  emerging  requirement  in  standards  for  application  of  the 
low-voltage  SPDs  under  development  at  the  International 
Electrotechnical  Commission  (IEC  61643-1  [1 1])  as  well  as  at 
the  IEEE  (P62.62  [10])  is  the  provision  of  a “disconnector” 
intended  to  disconnect  a failing  SPD.  Failure  under  conditions 
exceeding  the  SPD  capability  is  recognized  as  unavoidable,  but 
the  consequences  of  such  failure  are  made  acceptable  thanks  to 
the  action  of  the  disconnector. 

Unfortunately,  some  ambiguity  has  crept  in  the  interpretation 
of  ftis  requirement  In  some  cases  is  has  ten  interpreted  as 
only  disconnecting  the  failed  SPD  component  from  the  power 
system,  but  leaving  the  load  energized  — and  without  further 
surge  protection  (Martzloff,  1998  [12]).  If  the  disconnector  is 
of  this  latter  type,  the  SPDs  components  of  an  SPD  package 
will  fall  under  TOV  conditions,  presumably  in  a safe  manner, 
but  then  allow  the  TOV  to  be  applied  to  the  downstream  load. 
This  is  undesirable  for  the  typical  user  who  values  equipment 
protection  above  continuity  of  operation.  Finally,  there  is  the 
worst  case,  as  reported  in  many  anecdotal  instances,  where  the 
failure  mode  of  SPDs  under  TOV  conditions  has  not  ten 
graceful,  to  say  the  least.  These  instances,  while  not  very 
frequent,  have  led  to  new  testing  requirements  for  failure 
modes  from  the  Underwriters  Laboratories  in  the  updated 
Second  Edition  of  their  UL  1449  [6]  Standard  for  low-voltage 
surge-protective  devices  ("TVSS"  in  the  industry  jargon). 

Given  this  unsettled  situation,  it  will  be  useful  to  review  the 
scenarios  that  can  lead  to  failure  of  an  SPD  component  in  an 
SPD  package,  in  particular  under  TOV  conditions.  For  the 
sake  of  completeness,  we  will  describe  first  some  failure 
scenarios  under  surge  conditions,  as  they  have  some  bearing  on 
the  disconnector  design. 


ML  FAILURE  MODES  UNDER  SURGE 
CONDITIONS 

For  a correctly  applied  SPD,  failure  under  surge  conditions 
should  be  a very  rare  occurrence.  Nevertheless,  one  can 
enumerate  the  following  failure  scenarios  in  a field  application 
— including  misapplications: 

1.  A single,  large,  and  not  anticipated  impinging  surge 
exceeds  the  capability  of  the  SPD.  An  example  of  this 
situation  can  be  the  presence  of  switched  capacitor  banks; 

2.  A succession  of  surges,  such  as  multiple  lightning  strokes, 
exceeds  the  capability  of  the  SPD.  This  situation  has  been 
identified  for  disteibulion  arresters  (Darveniza,  1997  [13]) 
rad  might  also  occur  for  low- voltage  SPDs; 

3.  A thermal  runaway  is  launched  in  an  SPD  exposed  to  high 
ambient  temperatures  at  the  time  when  a surge  (within 
specifications  for  normal  ambient)  occurs; 

4.  In  the  questionable  scenario  of  an  alleged  “degraded’5  SPD 
(Stringfellow,  1992  [14]),  a thermal  runaway  is  launched 
by  the  heat  generated  during  a within-specifications  surge. 

For  all  these  scenarios,  the  ultimate  failure  mode  depends  on 
the  fault  current  that  the  power  system  can  deliver  at  the  point 
of  connection  of  tibe  SPD.  For  moderate  fault  currents,  such  as 
on  branch  circuits,  the  disconnector  can  generally  provide 
protection.  The  fuse  design  can  still  be  a challenge:  carry  the 
load  current,  cany  the  specified  surge  current,  but  melt  in  case 
of  a power-frequency  fault  current  resulting  from  failure  of  the 
SPD  component.  For  very  high  available  fault  currents,  such 
as  that  prevailing  at  some  service  entrances  close  to  a large 
distribution  transformer,  successful  clearing  may  be  a greater 
challenge.  Furthermore,  coordination  of  overcurrent  protection 
is  more  difficult,  compared  to  branch  circuits  inside  the 
building  where  the  wiring  impedance  and  the  rating  of  circuit 
breakers  in  the  panel  can  ensure  proper  coordination. 

IV.  FAILURE  MODES  UNDER  TOV  CONDITIONS 

Three  major  types  of  TOV-induced  failures  can  be  identified 
for  low-voltage  SPDs: 

Moderate  TOVs  associated  with  power  system  faults,  such  as 
a line-to-earth  fault  in  a three-phase  system,  creating  a 1 .73 
times  normal  line  voltage  in  the  other  phases.  Ferroresonance 
can  also  produce  moderate  but  significant  overvoltages. 

Extreme  TOVs  associated  with  the  commingling  scenario 
(accidental  fall  of  conductors  of  a higher  voltage  upon 
conductors  of  a lesser  voltage).  No  conventional,  varistor-only 
SPD  can  be  expected  to  survive  such  a scenario. 

Double  voUage  TOVs  associated  with  the  loss  of  neutral  in  a 
single-phase,  three-conductor,  earthed  center-tap  system  such 
as  the  120/240  V service  typical  of  North  American  systems. 

Depending  on  the  philosophy  of  the  system  designer,  in 
particular  the  utility  for  the  case  of  a service-entrance  SPD, 
survival  or  expected  but  acceptable  failure  can  be  stipulated  for 
the  loss-of-neutral  scenario. 
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a)  Moderate  TOVs:  System  Faults 

Among  abnormal  conditions  that  can  produce  temporary 
overvoltages,  we  give  two  examples  of  incidents  resulting  in 
overvoltages  not  exceeding  twice  the  normal  voltage.  Some 
SPDs  based  on  the  misconception  that  a very  low  clamping 
voltage  is  desirable  might  not  survive  such  moderate  TOVs. 

Single-phase  faults  to  earth  on  a three-phase  system  produce 
a shift  in  the  unfaulted  phases.  The  severity  of  the  voltage  rise 
depends  on  the  fault  location,  the  system  impedance,  and  the 
earthing  practices.  For  a TT  power  system  in  steady-state,  the 
neutral  will  by  symmetry  be  at  the  same  potential  as  earth,  as  in 
Figure  2 (a).  However,  if  an  earth  fault  occurs  on  one  phase,  it 
will  cause  a shift  of  potential  as  the  system  attempts  to  maintain 
balance.  The  neutral  will  be  elevated  and  a corresponding  shift 
will  be  experienced  by  the  other  two  phases.  In  the  worst  case 
of  a completely  isolated  system  with  a bolted  fault  to  earth  on 
one  of  the  phases,  we  could  have  the  situation  depicted  in 
Figure  2 (b).  This  shows  a neutral  which  has  been  elevated  to 
one  per  unit,  causing  the  unfauited  phases  to  drift  up  to  1 .73  per 
unit  with  respect  to  earth. 

For  three-phase  systems  with  an  artificial  neutral  through  an 
earthing  transformer  or  a finite  resistance,  the  earth  impedance 
is  high.  This  arrangement  limits  the  fault  current  during  a 
single-Iine-to-earth  fault,  but  allows  enough  for  fault  detection 
using  overcurrent  relays.  It  also  inserts  some  impedance 
between  the  system  neutral  and  the  actual  earth  so  that  the 
voltage  on  the  unfaulted  phases  will  shift  toward  somewhat  less 
than  line-line  value  as  shown  in  Figure  2 (c). 


(c) 


C” 


vw=  1.48  put 


Figure  2 - Effect  of  a single  phase-to-eaith  fault 


Series  resonances  occur  in  a power  system  when  a series 
circuit  consisting  of  an  inductance  and  a capacitance  is  excited 
at  its  natural  frequency.  As  an  example  of  this  condition. 
Figure  3 shows  a portion  of  a temporary  overvoltage  resulting 
from  a power  system  switching  incident  (restoring  power  phase 
by  phase  after  interruption  [15J),  which  produced  a sustained 
rms  voltage  exceeding  130%  and  lasting  four  seconds. 


Source:  EPR1  Report  [15] 

Figure  3 - Temporary  overvoltage  caused  by  ferroresonance 


b)  Extreme  TOVs:  Commingling 

In  this  real-life  scenario,  the  low-voltage  SPD  connected  on  the 
secondary  side  of  the  distribution  transformer,  and  normally 
energized  at  its  rated  voltage,  is  first  brought  to  failure  by  the 
large  overvoltage  resulting  from  commingling  conductors.  In 
an  overbuilt  system,  a collision  of  a vehicle  with  a pole,  or 
breaks  caused  by  icing,  the  conductors  of  the  higher  voltage 
distribution  system  or  sub-transmission  system  can  fall  on  the 
lower  voltage  distribution  system.  Such  accidental  contact 
injects  an  intruding  voltage  for  a few  cycles,  until  the  higher 
voltage  breaker  clears  the  fault. 

Figure  4 shows  a simplified  one-line  diagram  of  the  two 
medium-voltage  systems  (the  intruding  MV1  and  the  victim 
MW)  being  accidentally  commingled.  In  this  figure,  the  bond 
between  the  two  systems  earth  connections  is  shown  in  dotted 
line  to  present  the  generic  case  of  commingling.  In  an  overbuilt 
system  with  common  neutrals,  a solid  bond  exists  where  the 
dotted  line  is  shown  in  the  diagram.  In  the  scenario  of  a simple 
crossing  of  two  systems  (not  overbuilt  along  the  right  of  way), 
or  delta  systems,  a solid  bond  might  not  be  present,  and  the 
fault  current  from  MVt  will  involve  the  earthing  impedances 
shown  in  the  diagram.  In  that  case,  the  intruding  voltage  V, 
might  be  less  than  the  system  voltage  MV1  but  still  enough  to 
precipitate  failure  of  an  SPD  on  the  secondary. 


Figure  4 - Commingling  overvoltage  applied  to  the  distribution 
transformer  primary  and  reflected  on  the  LV  side 
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c)  Double-voltage  TOV  (Loss  of  neutral) 

There  are  many  situations  where  loss  of  neutral  can  occur. 
Some  can  be  of  a transient  nature,,  such  as  a loose  connection, 
while  some  might  be  permanent  until  repaired,  such  as  a 
mechanical  break  or  corrosion  of  the  mafia!  conductor.  While 
the  latter  might  not  linguisticaly  fall  under  the  label  of 
“temporary*,  the  consequences  are  the  same.  In  a three-wire, 
single-phase  system  typical  of  North  American  practice,  this 
condition  has  been  observed  many  times. 

Figure  5 shows  a system  where  one  side  of  the  supply  (LI)  is 
lightly  loaded,  while  the  other  side  (L2)  is  heavily  loaded, 
Under  normal  conditions,  the  two  sides  remain  at  norma! 
voltage.  Should  the  neutral  connection  be  lost,  then  the  voltage 
at  mid-point  is  determined  by  the  ratio  of  impedances  ©n  the 
two  sides:  the  LI  side  experiences  an  overvoltage  that  can 
approach  twice  normal.  Any  SPD  connected  to  this  side  will 
then  be  exposed  to  the  twice-nonnal  voltage,  with  an  available 
current  determined  by  the  impedance  22,  Ibis  current,  by  the 
very  desipt  of  the  circuit,  will  not  be  interrupted  by  the 
overcurrent  protection  and  is  available  to  generate  substantial 
heat  in  the  SPD  that  has  failed  as  the  result  of  the  overvoltage. 
A disconnector  designed  to  clear  larger  fault  currents,  such  as 
those  occurring  if  the  SPD  fails  while  the  neufial  is  connected, 
might  not  be  capable  of  clearing  the  limited  current  Other 
schemes  are  then  necessary  to  ensure  an  acceptable  failure 
mode,  such  as  a thermally-activated  disconnect 


Figure  5 - Three-wire,  single-phase  system 
where  a broken  or  intermittent  neutral  connection 
creates  a voltage  imbalance 


V.  AVAILABLE  FAULT  CURRENT 

As  described  in  the  preceding  paragraphs,  several  scenarios  can 
produce  failure  of  the  SPD,  ultimately  offering  a very  low  (but 
not  zero)  impedance  to  the  flow  of  the  fault  current  that  the 
power  system  can  deliver.  For  each  scenario,  the  available  fault 
current  at  the  point  of  connection  of  the  SPD  will  have  a very 
significant  effect  on  the  failure  mode. 

The  significance  of  available  fault  current  is  recognized  in 
standards,  but  the  value  that  should  be  considered  is  generally 
left  undefined.  The  following  statements  can  be  found  in 
published  standards. 


1996  National  Eketrim!  Cmk,  230-65 , Available  Short-Circuit 
Current 

"Service  equipment  shall  he  suitable  for  the  short-circuit 
current  available  at  the  supply  terminals." 

IEEE  C62.34-1996,  Standard  far  Performance  of  Low-Voltage 
Surge-Protective  Devices  (Secondary  Arresters),  Article  7.6 
"If  the  manufacturer  claims  a fault  current  withstand  rating, 
then  that  rating  shall  be  verified,  ” 

IEC  61643-1  (FDIS  November  1997)  Surge  protective  devices 
connected  to  low-voltage  power  distribution  systems  - Part  1: 
Performance  requirements  md  testing  methods.  Article  6.2.11 
"The  SPD  shall  be  able  to  carry  the  power  short-circuit 
current  until  it  is  interrupted  either  by  the  SPD  itself,  by  an 
interna i or  external  overcurrent  disconnector,  or  by  the  backup 
overcurrent  protection 

It  is  noteworthy  that  none  of  these  documents  specify  a value 
for  the  available  short  circuit,  but  rather  leave  it  to  the 
discretion  of  the  manufacturer,  while  imposing  criteria  of 
acceptability  after  the  failure.  The  NEC  tersely  requires  the 
device  to  be  “'suitable,**  without  elaboration.  The  two  standards 
applicable  to  a service-entrance  SPD  — where  the  available 
fault  current  can  be  quite  high  — acknowledge  the  possibility 
of  failure  and  significance  of  the  available  fault  current,  but  do 
not  stipulate  specific  values. 

In  an  attempt  to  obtain  information  on  what  levels  of  fault 
currents  should  be  considered,  an  informal  survey  was 
conducted  among  a few  utility  engineers.  It  turns  out  that  very 
few  utilities  limit  the  available  fault  current  at  the  service  point 
of  residential  customers  but  many  people  are  under  the 
misconception,  as  cited  below,  that  all  residential  service  load 
centers  and  breakers  are  limited  to  an  available  fault  current  of 
10  kA  and  therefore  they  assume  that  actual  available  fault 
current  must  be  less  than  10  kA. 

Interestingly,  none  of  the  individuals  consulted  on  this  issue 
could  cite  a standard  or  even  a document  with  the  status  of 
a consensus  guide  that  does  stipulate  a current  value.  Two 
perceptions  seem  to  prevail  among  the  individuals  consulted,  as 
quoted  below: 

1.  Based  on  the  observation  that  breakers  for  typical 
residential  service  panels  (up  to  200  A)  generally  have  an 
interrupting  capacity  erf  10  kA,  it  would  be  logical  that  the 
available  fault  current  at  the  service  entrance  would  be  in 
the  same  order  of  magnitude. 

2.  Based  on  the  reality  Shat  a service  entrance  connected 
clo»e  to  a large  distribution  transformer  ( such  as  a garden 
apartment  or  high-rise ) will  have  available  fault  currents 
in  excess  of  10  kA,  it  would  be  prudent  to  review  the 
specifics  of  the  situation . 

Furthermore,  these  standards  do  not  require  that  the  SPD 
application  data  state  a limit  of  acceptable  fault  current 
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VI.  EMERGING  STANDARDS 

a)  SPDs  installed  downstream  from  the  service  entrance 

In  recognition  of  the  issues  raised  by  failure  modes  of  the  SPDs 
within  the  scope  of  UL  Standard  1449  — downstream  of  the 
main  disconnect  — the  second  edition  of  this  standard  [6]  now 
requires  demonstration  of  an  acceptable  behavior  in  the  failure 
mode  of  SPDs  exposed  to  various  overvoltage  scenarios. 
Specifically,  among  the  many  tests  required  by  UL,  three  tests 
address  the  issue: 

Temporary  overvoltage  with  high  available  current  - This  test 
is  stipulated  under  article  37.2  of  UL  1449,  calling  for  extended 
exposure  to  125%  of  normal  line  voltage  with  either  an 
acceptable  temperature  equilibrium  being  attained  or  until  an 
internal  disconnect  device  operates.  This  test  will  demonstrate 
capability  of  sustaining  moderate  overvoltages,  primarily 
providing  a margin  against  high  system  voltage,  but  not  the 
higher  levels  of  temporary  overvoltages  covered  in  the  next 
test  The  available  fault  current  specified  for  this  test  is  defined 
as  a function  of  the  ampere  rating  of  the  service  over  a range  of 
200  A to  25  000  A. 

Full  phase  voltage  with  high  available  fault  current  - This  test 
is  stipulated  under  article  37.3  of  UL  1449,  calling  for  exposure 
to  the  “full  phase  voltage”  as  shown  on  Figure  2(b)  of  this 
paper.  The  same  criteria  as  above  apply,  namely  acceptable 
temperature  equilibrium  or  operation  of  an  internal  disconnect. 

The  available  fault  current  specified  for  this  test  is  defined  as 
a function  of  the  ampere  rating  of  the  service  over  a range  of 
200  A to  25  000  A. 

Overvoltage  with  limited  current  - This  test  is  stipulated  under 
article  37.4  of  UL  1449,  with  overvoltage  values  presumably 
corresponding  to  a loss  of  neutral  scenario,  and  the  associated 
low  values  of  current  supplied  by  the  connected  load,  as  in 
Figure  5. 

It  is  noteworthy  that  in  the  stipulations  of  these  three  tests,  the 
emotionally  charged  word  “failure”  is  not  used.  Instead,  a list 
of  unacceptable  conditions  is  given,  including  emission  of 
flame,  molten  metal,  flaming  particles,  charring  of  adjacent 
material,  ignition  of  enclosure,  or  creation  of  openings  leaving 
live  parts  accessible. 

b)  SPDs  installed  upstream  from  the  service  entrance 

For  SPDs  connected  upstream  from  the  service  panel,  the 
recently  published  IEEE  Standard  C62.34  does  describes  a 
loss-of-neutral  scenario  with  limited  current,  similar  to  the  UL 
37.4  test  However,  a demonstration  test  is  not  mandated,  as 
the  consensus  development  process  settled  for  a weaker 
statement:  “ if  the  manufacturer  claims  a loss  of  neutral 
withstand  capability ...  then  that  capability  shall  be  verified ...” 
Thus,  the  inference  might  be  made  that  if  no  claim  for  loss-of- 
ncutral  withstand  capability  is  made,  no  demonstration  test  is 
required.  However,  an  additional  paragraph  in  the  standard 
does  mention  “...must  fail  in  an  acceptable  manner.  ” 


From  this  brief  overview  of  emerging  standards,  it  appears  that 
on  the  low  side  of  available  fault  current,  both  the  UL  and  the 
IEEE  standards  have  recognized  the  issues  of  acceptable  failure 
modes  associated  with  temporary  (or  quasi-permanent) 
overvoltages.  On  the  other  hand,  at  the  high  side  of  available 
fault  currents,  it  seems  that  insufficient  recognition  of  the  issue 
still  prevails,  as  discussed  in  the  preceding  section  on  the 
significance  of  the  level  of  available  fault  currents. 

Nevertheless,  Figure  6,  offered  as  background  information  in 
a tutorial  addressing  considerations  on  the  revenue  meter 
environment  (Ward,  1980  [16]),  shows  typical  values  of  fault 
current  as  a function  of  distribution  transformer  size  and  length 
of  service  drop.  That  figure  clearly  shows  values  in  excess  of 
10  kA,  but  somehow  this  information  has  not  been  fully 
recognized  by  the  SPD  community. 


Source:  (Ward,  1980(16]) 


Figure  6 - Fault  current  amplitude  os  a function  of. 
transformer  rating  and  length  and  size  of  service  drop 

VIL  POSSIBLE  SOLUTIONS 

Among  possible  solutions,  two  approaches  may  be 
considered:  making  the  SPD  less  sensitive  to  TOVs,  and, 
in  any  case,  ensure  that  if  failure  is  unavoidable  under 
extreme  stress,  it  will  be  in  an  acceptable  mode. 

The  obvious  way  to  desensitize  SPDs  to  TOVs  is  to 
design  them  with  a higher  MCOV.  However,  as  the 
higher  MCOV  in  a varistor-only  SPD  means  a higher 
surge-limiting  voltage,  there  is  a limit  beyond  which  such 
an  SPD  becomes  useless  (op  cit.,  [2-5]). 

A posi.ble  solution  may  be  in  reviving  the  concept  of  a 
gapped  arrester  for  the  upstream  SPD  of  a “whole  house” 
scheme  (Mansoor  et  al.,  1998  [17]).  There,  the  initial 
let-through  associated  with  the  gap  volt-time  response 
can  easily  be  mitigated  by  the  downstream  SPD,  while 
the  gap  prevents  the  SPD  from  becoming  involved  with 
moderate  TOVs. 
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Of  course,  for  the  (rare)  commingling  scenario,  little  can 
be  done  but  to  ensure  a graceful  failure.  This  condition 
should  be  an  implicit  requirement,  but,  as  discussed  in  the 
section  on  available  fault  current,  the  implications  of  such 
a requirement  apparently  have  not  been  recognized  by  all 
interested  parties.  Even  among  the  community  of  SPD 
engineers,  there  has  been  some  reluctance  to  accept  the 
concept  that  temporary  overvoltages  should  be  addressed 
in  documents  discussing  the  surge  environment. 

Vffl.  CONCLUSIONS 

1 . The  dilemma  of  providing  a suitable  surge  protection  of 
load  equipment  by  means  of  surge-protective  devices, 
while  ensuring  acceptable  response  of  these  surge- 
protective  devices  to  unavoidable  temporary  overvoltages 
raises  several  application  issues  that  demand  attention. 

2.  “Acceptable  response”  can  be  interpreted  either  as  survival 
of  the  SPD  (a  challenge  to  the  coordination  of  cascades)  or 
as  accepting  failure,  but  within  well-defined  conditions  of 
the  failure  mode  (a  challenge  for  applications  where  high 
available  fault  currents  prevail). 

3.  Coordinating  a cascade  of  surge-protective  devices  can  be 
solved  by  providing  a gapped  arrester  at  the  service 
entrance,  which  will  coordinate  with  the  de  facto  situation 
of  low  limiting  voltage  SPDs  inside  the  building. 

4.  The  need  for  a service-entrance  arrester  to  withstand  the 
scenario  of  lost  neutral  can  be  satisfied  by  a gapped 
arrester  having  sufficient  maximum  continuous  operating 
voltage  capability. 

5.  Emerging  standards  for  low-voltage  SPDS  have  given  new 
recognition  to  the  importance  of  taking  into  consideration 
tenporaiy  overvoltages  in  the  design  of  SPDs. 

6.  Notwithstanding  conclusion  (S),  SPD  application  standards 
as  well  as  performance  and  test  standards  should  be  more 
explicit  in  defining  how  to  deal  with  the  issues  raised  by 
available  fault  current  in  case  of  unavoidable  SPD  failure. 
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Significance: 

Part  2 Development  of  standards 
Part  5 Monitoring  instruments 

Recent  projects  of  monitoring  Power  Quality  in  AC  systems  have  focused  on  voltage  surges  rather  than  current 
surges.  The  predictable  results  of  such  monitoring  - low  apparent  surge  voltages  - which  in  fact  only  monitors 
whatever  limiting  voltage  is  allowed  by  the  proliferating  SPDs  and  PCs,  do  not  reflect  the  surge  activity,  now  confined 
to  surge  currents  flowing  into  the  “attractive'’  paths  of  the  SPDs  and  the  capacitors  included  in  the  switch-mode  power 
supplies  of  PCs  (and  other  electronic  appliances). 

At  standard-writing  times,  questions  have  emerged  as  to  why  mention  “large”  surges  when  monitoring  shows  only  low 
voltages.  With  proper  perspective,  it  becomes  apparent  that  the  proliferation  of  these  voltage-limiting,  surge- 
absorbing SPDs  and  PCs  are  the  explanation.  While  voltage  surges  might  now 
no  longer  be  a threat,  the  possibility  of  substantial  current  surges  is  indeed  a threat  to  equipment. 
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Abstract 


To  support  the  recommendation  of  shifting  transient  monitoring  from  voltage  .surges  to  current 
surges,  the  paper  presents  experimental  results  as  well  as  numerical  modeling  results  demonstrating 
two  mechanisms  causing  an  apparent  decrease  of  surge  activity  in  low-voltage  ac  power  circuits. 
The  first  mechanism  is  the  proliferation  of  surge-protective  devices,  a situation  which  is  by  now  well 
recognized.  The  second,  which  should  also  have  been  recognized,  apparently  escaped  scrutiny 
so  far:  the  proliferation  of  electronic  appliances  containing  a switch-mode  power  supply  that 
effectively  places  large  surge-absorbing  capacitors  across  the  ac  power  systems. 

1.  Introduction 

This  paper  is  unabashedly  tutorial,  and  some  of  the  themes  presented  here  might  be  quite  familiar 
to  some  of  our  readers.  However,  we  have  observed  that  these  concepts,  which  could  almost  be 
characterized  as  obvious  when  given  the  benefit  of  hindsight,  are  still  not  widely  recognized. 
Therefore,  we  will  present  them  to  this  forum,  and  illustrate  their  validity  by  experimental 
measurements  and  numerical  modeling.  The  three  major  themes  of  this  presentation  are: 

1 . There  is  a logical  explanation  for  the  apparent  decrease  in  the  level  of  voltage  surges  reported 
in  recent  power  quality  surveys:  the  proliferation  of  surge-mitigating  devices. 

2.  The  present  practice  of  recording  voltage  surges  can  lead  to  erroneous  concepts  on  surge 
protection,  which  in  turn  can  lead  to  equipment  failuies. 

3.  There  is  an  unfulfilled  need  to  develop  and  deploy  power  quality  monitors  that  can 
characterize  the  energy-delivery  capability  of  a surge  event. 

The  first  theme  will  be  introduced  by  a historical  perspective  showing  how  voltage  surges 
became  the  focal  point  of  monitoring  surges,  even  before  the  term  “power  quality”  was  coined. 
Experimental  measurements  and  numerical  modeling  will  be  described  to  illustrate  the  effect  of 
the  proliferation  of  surge-protective  devices  (SPDs)  and  of  new  electronic  appliances  that  serve 
respectively  as  intended  and  unintended  surge-mitigating  devices.  The  next  two  themes  will  be 
only  briefly  discussed  because,  once  the  first  is  accepted,  these  two  follow  quite  logically. 
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2 . Historical  Perspective 

The  proliferation  of  SPDs  in  low-voltage  ac  power  circuits  has  been  recognized  as  one  of  the  root 
causes  of  the  apparent  decrease  of  the  surge  levels  recorded  in  recent  power  quality  surveys.  The 
change  in  the  occurrence  of  surges  began  to  be  recognized  [Dorr,  1995]  1 and  explanations  were 
offered  attributing  the  phenomenon  to  the  emerging  proliferation  of  SPDs  in  low-voltage  ac  power 
circuits  [Martzloff,  1996].  It  is  noteworthy  that  for  many  people,  the  term  “surge”  is  equivalent 
to  “transient  overvoltage”  to  the  point  that  the  phenomenon  has  generally  been  recorded  by 
instruments  acting  as  voltmeters,  and  the  term  was  without  much  scrutiny  accepted  in  general  as 
meaning  a voltage  surge. 

For  instance,  in  the  bi-lingua!  publications  of  the  International  Electrotechnical  Commission  (IEC), 
the  French  text  which  parallels  the  English  text  uses  the  term  “surtension”  (meaning  overvoltage), 
because  there  is  a mind  set,  reinforced  by  the  lack  of  a neutral  term  in  French  that  could  be 
applied  to  either  or  both  voltage  surges  and  current  surges.  In  the  United  States,  the  Underwriters 
Laboratories  perpetuates  this  narrow  perspective  by  calling  SPDs  “Transient  Voltage  Surge 
Suppressors”  (italics  ours)  [UL  Std  1449,  1996],  although  both  recent  IEC  and  [EEE  definitions 
of  SPDs  introduce  and  emphasize  the  concept  of  current  surges  as  well  as  voltage  surges. 

Now  less  recognized  but  significant,  a similar  cause  for  the  apparent  decrease  of  voltage  surge  levels 
is  becoming  important  as  more  and  more  electronic  appliances  depend  on  a switch-mode  power 
supply  with  a rectifier-capacitor  DC  link.  Through  the  rectifier,  the  DC  link  capacitor  which  is 
typically  in  the  order  of  200  pF  to  500  pF,  offers  a low-impedance  path  to  current  surges 
impinging  on  the  power  port  of  these  appliances.  With  many  such  appliances  connected  in  an  end- 
user  installation,  the  effect  is  that  of  quite  a large  capacitor  being  connected  across  the  ac  mains. 
Small  wonder  then  that  even  large  surge  currents  (for  instance,  with  the  capability  of  delivering 
currents  of  3 kA,  8/20  ps)  [ANSI/IEEE  C62.4 1-1995]  can  no  longer  raise  the  voltage  across  the 
mains  to  the  high  values  sometimes  reported  in  earlier  surveys  of  surge  voltage  occurrences. 

Another  historical  mind-set  has  been  to  recognize  the  origin  of  surges  only  as  a voltage  event 
while  in  fact  it  can  be  either  a true  induced-voltage  event,  or  the  end-result  of  the  injection  of  a 
surge  current  somewhere  in  the  power  system.  Typical  induced-voltage  surges  are  associated 
with  the  electromagnetic  coupling  into  the  power  circuits  of  the  field  created  by  a nearby  (but 
not  direct)  lightning  flash.  Such  voltage  surges,  which  can  develop  substantial  voltages  in  high- 
impedance  circuit  loops  [Martzloff  et  al.,  1995]  can  easily  be  mitigated  with  relatively  small 
SPDs  because  their  energy-delivery  capability  is  relatively  small  [IEC  document  64/ 1034/CD, 
1998],  In  contrast,  current  surges  are  produced  either  by  the  dispersion  of  the  current  associated 
with  a lightning  flash  when  a direct  strike  injects  current  at  some  point  of  the  power  system,  in 
close  vicinity  or  at  a more  remote  point  of  the  power  distribution  system  [Mansoor  et  al.,  1998]. 
Another  source  of  current  surges  is  switching  surges  involving  the  injection  of  residual  energy 
into  parts  of  the  power  system.  The  energy-delivery  capability  of  these  current  surges  can  be 
substantial,  and  be  a threat  to  the  survival  of  improperly  sized  SPDs.  Note  in  passing  the  use  of 
the  term  “energy-delivery  capability”  and  not  “energy  in  the  surge.”  Some  of  our  readers  arc  by 
now  familiar  with  that  theme  [Lindes  et  al.,  1997]  — perhaps  even  tired  of  seeing  it  repeated  — 
but  the  sad  truth  is  that  usage  of  the  term  “surge  energy”  is  still  rampant. 


/ Citations  appearing  in  the  text  as  [Author,  date / are  listed  in  alphabetical  order  in  Section  7.  Bibliography. 


The  significance  of  making  the  distinction  between  recording  current  surges  versus  recording 
voltage  surges  is  very  important  for  equipment  designers.  A decision  to  provide  only  modest 
surge  withstand  capability  for  an  SPD  incorporated  at  the  power  port  of  the  equipment  might  be 
made  because  the  contemporary  surveys  reveal  few  and  moderate  (voltage)  surges.  When  combined 
with  the  misconception  that  “the  lower  the  clamping  voltage,  the  better”  [Martzloff  et  al.,  1989], 
the  result  can  be  disastrous.  We  have  in  our  laboratory  ‘morgue’  two  examples  of  such  mass- 
produced  devices  incorporating  an  inappropriate  SPD  that  led  to  early  mortality  of  the  product 
Without  identifying  the  culprit  — perhaps  a harsh  word  for  a designer  who  was  lulled  into  this 
position  by  referring  to  misleading  reports  on  surge  activity  — but  to  illustrate  the  situation,  we 
can  name  the  two  products:  a compact  fluorescent  bulb,  and  a remotely-controlled  ceiling  fan. 

To  recite  a recurrent  theme  in  our  tutorial  presentations  (“Transients  Are  Here  to  Stay”),  voltage 
surges  might  appear  to  have  faded  away,  but  current  surges  are  still  here,  ready  to  destroy  a small 
SPD  incorporated  in  a design  based  on  the  misperception  of  fading  voltage  surges,  fostered  by 
recording  only  voltage  surges. 


3.  Experimental  Measurements 

To  illustrate  the  effect  of  nonlinear  SPDs  as  well  as  linear  capacitors  connected  across  the  mains, 
the  Power  Electronics  Applications  Center  (PEAC)  “Upside-Down  House”  [Key  et  al.,  1994] 
was  used  to  inject  surges  into  the  service  entrance  of  the  Upside  Down  House  with  various 
combinations  of  SPDs  and/or  personal  computer  (PC)  power  supplies  connected  at  the  end  of 
two  branch  circuits,  one  9-m  long,  the  other  36-m  long.  In  Figure  I , currents  in  the  branches  and 
voltages  at  the  nodes  are  identified  respectively  as  ls,  l9,  l36,  and  V0,  V9,  V36  . The  charging  voltage 
setting  of  the  Combination  Wave  surge  generator  was  kept  constant  to  provide  a 2 kV,  1 .2/50  ps 
open-circuit  voltage  (OCV).  In  a second  series  of  experiments,  the  setting  was  increased  to  4 kV 
This  second  series,  not  reported  here  in  detail  because  of  limited  space,  confirmed  the  expected 
nonlinear  response  of  varistors  and  the  linear  response  for  capacitors  only. 
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Figure  1 - Upside-Down  House  branch  circuits 


3. 1 Metal-oxide  varistors  only 

Given  the  known  and  predictable  behavior  of  multiple  SPDs  — often  reported  in  the  literature 
to  the  point  that  bibliographic  citations  would  take  several  lines  to  list  all  of  them  — this  part  of 
the  experiment  was  performed  only  to  provide  a baseline.  Metal-oxide  varistors  (MOVs)  rated 
150  V,  20  mm  diameter,  were  used  for  this  experiment.  To  record  all  interesting  currents  and 
voltages,  two  shots  are  necessary  when  using  the  4-channel  digital  signal  analyzer;  therefore  each 
oscillogram  in  the  figures  contains  the  trace  of  V0  to  serve  as  a common  reference  (Figure  2). 
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Figure  2 - Typical  recordings1 11  made  during  the  first  experiment  — SPDs  only. 

In  Figure  2,  the  current  traces  (left  oscillogram)  show  the  unequal  sharing  between  the  two 
MOVs,  reflecting  the  difference  in  the  inductance  of  the  two  branch  circuits.  Because  the  peaks 
of  the  two  bianch-ciicuit  currents  are  not  simultaneous  (the  current  in  the  longer  branch  circuit 
takes  longer  to  build  up)  their  sum  seems  to  exceed  the  peak  of  the  injected  current,  ls. 

The  voltage  traces  (right  oscillogram)  show  how  the  voltage  at  the  service  entrance,  V0,  is 
mitigated  from  the  2 kV  open-circuit  voltage  supplied  by  the  generator  that  would  propagate 
without  attenuation  in  the  absence  of  a surge-mitigating  device  [Martzloff  et  al.,  1986].  This 
voltage  V0  is  the  sum  of  the  clamping  performed  by  the  varistor  at  the  node  V9,  and  the  inductive 
voltage  drop  in  the  9-m  long  connection.  Note  that  this  inductive  voltage  is  additive  during  the 
rise  of  the  current  l9,  and  subtractive  during  the  fall,  hence  the  apparent  “overshoot”  in  the  trace 
of  V0,  compared  to  the  flat-top  trace  of  the  varistor  at  V9.  The  voltages  at  V9  and  V36  are  the 
typical  clamping  voltages  of  the  MOVs  corresponding  to  the  current  they  carry. 

In  a subsequent  experiment  with  a 4 kV  open-circuit  voltage  setting  of  the  generator  (twice  the 
value  of  Figure  2,  but  not  reported  here  in  detail  because  of  limited  space),  the  voltages  across 
the  varistors,  predictably,  were  not  substantially  increased.  However,  the  substantially  increased 
current  in  the  9-m  long  branch  circuit  (from  1000  A to  2800  A,  resulting  from  the  nonlinear 
response  of  the  varistor)  produced  an  increased  inductive  effect  to  the  point  that  the  voltage  at 
the  service  entrance  was  raised  to  1300  V from  the  790  V recorded  for  the  case  of  Figure  2. 
Table  1,  at  the  end  of  this  section,  presents  a summary  of  the  peak  values  recorded  in  the  various 
combinations  of  components,  branch  circuits,  and  amplitudes  of  the  injected  surge. 


1 The  experimental  values  shown  in  Figures  2,  3,  and  4,  and  in  Table  / were  recorded  with  a digital  signal  analyze/ . 

They  have  been  rounded  off  to  the  nearest  ten  to  convey  a simpler  set  of  numbers,  uncluttered  by  a precise  last  digit. 
Uncertainty  in  these  measurements  is  not  an  issue  here  as  it  does  not  affect  the  general  conclusions. 
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3.2  Capacitors  only 

In  a second  set  of  experiments,  less  easily  predictable  would  be  the  behavior  of  the  still  all-linear 
circuit  involving  the  capacitors  of  a PC  power  supply  (440  pF  each  in  this  experiment)  when 
receiving  a surge  originating  from  the  complex  RLC  wave-shaping  network  of  a Combination 
Wave  surge  generator  (Figure  3). 


Sweep:  5 ps/div 


Sweep:  5 ps/div 


Currents  in  branches  Voltages  at  nodes 


Vo 

(peak  V) 

«s 

(peak  A) 

'9 

(peak  A) 

*36 
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v0 
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1 500  pk 

1 000  avg 

1000  pk 
600  avg 

Figure  3 - Typical  recordings  made  during  the  second  experiment  — Capacitors  only 

In  Figure  3,  the  voltage  at  the  service  entrance,  V0,  is  mitigated  from  the  2 kV  open-circuit 
voltage  supplied  by  the  generator.  However,  because  of  the  interaction  between  the  RLC 
components  in  the  wave-shaping  network  of  the  Combination  Wave  generator  on  the  one  hand, 
and  the  capacitances  of  the  PC  power  supplies  and  inductances  of  the  branch  circuits  on  the  other 
hand,  this  voltage  rings  around  an  average  voltage  level  of  1300  V,  reaching  a peak  of  1700  V. 

To  reflect  this  situation,  the  tabulation  of  the  voltages  in  the  figure  shows  two  lines,  peak  and 
average.  Thus,  the  mitigation  effect  is  degraded  by  the  ringing.  Nevertheless,  one  can  expect 
that  as  more  PCs  would  be  added,  the  ringing  frequency  would  become  lower  and  the  voltage 
peaks  lower. 


3.3  Capacitor  and  MOV 

In  a third  set  of  experiments,  a capacitor  was  connected  at  the  end  of  the  9-m  branch  circuit 
and  an  MOV  was  connected  at  the  end  of  the  36-m  branch  circuit.  Interest  in  this  particular 
configuration  was  motivated  by  the  desire  to  show  how  an  MOV  would  mitigate  the  ringing 
that  was  observed  in  the  preceding  experiment  at  the  end  of  the  36-m  line  (V36  in  Figure  3). 
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Figure  4 - Typical  recordings  made  during  the  third  experiment  — capacitor  and  MOV. 

Experiments  2 and  3 (Figures  3 and  4)  do  show  decreasing  levels  of  voltage  surges  at  various 
points  of  the  Upside  Down  House,  compared  to  the  open-circuit  conditions.  However,  the 
interactions  between  the  capacitors  of  the  generator  RLC  wave-shaping  network  on  the  one  hand, 
and  the  PC  capacitors  on  the  other  hand,  make  detailed  interpretation  of  the  waveforms  tedious 
and  beyond  the  scope  of  our  illustrative  examples.  Numerical  modeling  with  a current  source, 
as  reported  in  the  following  section,  avoids  this  interaction  and  provides  further  evidence  on  the 
“PCs  Galoie”  effect.  For  readers  interested  in  the  details.  Table  1 documents  the  results 
concerning  peak  voltages  noted  from  the  oscillograms  kept  on  file  but  not  reproduced  here. 
Readers  interested  primarily  in  the  big  picture  may  skip  a close  examination  of  this  table. 


Table  1 - Summary  of  node  voltages  for  component  combinations 


Detailed  experiment 
description  number 

Device 

Combination 

Voltages  for  2 kV  OCV 
(peak  V) 

Voltages  for  A kV  OCV 
(peak  V) 

9 m 

36  m 

V0 

v9 

v36 

Vn 

v9 

V36 

Open 

Open 

2500 

2600  * 

3300  * 

Not  done  (linear) 

MOV 

1700 

330 

1900  * 

1300 

400 

370 

Capacitor 

1800 

1900* 

1300 

Not  done  (linear) 

MOV 

Open 

860 

400 

1300  ’ 

1400 

400 

2000  ‘ 

3.1  - MOVs  only 

MOV 

790 

410 

330 

1300 

390 

400 

Capacitor 

720 

420 

700 

1300 

390 

990 

Ccipauitui 

Open 

2000 

1600 

2100  * 

Not  done(linear) 

3.3  - Capacitor  and  MOV 

MOV 

1600 

1500 

370 

Capacitor  failed,  end  test 

3.2  - Capacitors  only 

Capacitor 

1700 

1550 

1100 

Not  done  (linear) 

* Ringing  at  the  open-ended  line  is  the  cause  of  this  voltage  being  greater  than  V0. 


4.  Numerical  Modeling 


Our  previous  experience  with  modeling  cascaded  SPDs  [Lai  et  a!.,  1993]  and  the  behavior  of  the 
Upside  Down  House  with  installed  SPDs  [Martzloff  et  al.,  1995]  can  be  readily  applied  to  the 
prediction  of  the  behavior  of  the  three  circuits  subjected  to  the  experimental  measurements,  with 
an  imposed  current  source,  free  from  the  unavoidable  interactions  that  occurred  in  the  preceding 
experimental  measurements.  This  approach  yields  the  best  of  the  two  methods:  a computation 
that  has  been  well  demonstrated  as  suitable  for  modeling  nonlinear  SPDs,  and  the  freedom  to 
impose  any  fixed  waveform  — what  reality  imposes  on  a residence  is  not  the  surge  from  an 
impedance-limited  surge  generator  — combined  with  the  possibility  to  model  many  branch 
circuits  and  many  combinations  of  SPDs  and/or  capacitors. 


4. 1 Modeling  combinations  of  loads  and  branch  circuit  lengths 

In  a series  of  modeling  runs  similar  to  the  combinations  of  the  experimental  measurements,  the 
model  used  the  circuit  of  Figure  5.  A current  source  feeds  a fixed  current  surge  via  a common 
service  drop  to  the  panel  bus  of  the  service  entrance,  where  three  branch  circuits  made  of  2-mm 
diameter  conductors  (#12  AWG)  take  off,  with  length  of  respectively  5 m,  10  m,  and  20  m.  The 
choice  of  these  lengths  was  based  on  curiosity  about  the  effect  of  the  long  distance  connection 
(and  thus  an  effect  that  might  be  delayed  or  degraded)  to  the  immediate  occurrence  of  an 
overvoltage  at  the  end  of  shorter  branch  circuits.  The  currents  in  the  circuit  are  identified  in 
Figure  5 respectively  as  ls,  l0,  l5,  l10,  and  l20,  with  the  node  voltages  at  the  service  bus  and  branch 
circuit  ends  respectively  as  V0,  V5,  V10,  and  V20. 


20  m v20 


Figure  5 - Service  drop  and  branch  circuits  tor  modeling  combinations 


As  in  our  previous  modeling  applications,  the  EMTP  program  [EPRI,  1989]  was  used.  To  avoid 
computational  artifacts,  a finite  10  kQ  resistance  was  always  postulated  at  the  ends  of  all  branch 
circuits,  whether  these  were  left  in  “open”  or  “loaded”  condition.  The  loads  that  were  modeled 
included  combinations  of  SPDs,  capacitors,  and  100  Q resistors.  The  SPDs  were  all  20-mm 
diameter,  130-V  rated  MOVs.  The  capacitors  included  a capacitance  of  440  pF  and  a senes 
resistance  (“ESR”)  of  0.25  Q to  represent  an  electrolytic  capacitor.  Initial  conditions  for  the 
models  stipulated  an  initial  charge  on  the  capacitor  to  represent  the  normal  condition  of  the  DC 
link.  The  100  £2  resistor  was  selected  as  a typical  value  for  a 150-W  power-consuming  appliance 
connected  at  the  end  of  the  branch  circuit. 


Just  to  illustrate  the  point  of  a readily  predictable  behavior  of  a purely  linear  circuit,  Figure  6 
shows  the  voltages  and  currents  for  the  case  of  100  0 loads  confronted  with  a current  source. 
Compared  with  the  100  Q load  at  the  end  of  the  branch  circuits,  the  series  impedance  has  a very 
small  effect  and  the  impinging  surge  current  ls  divides  almost  equally  (3000  A /4  = 750  A)  in  the 
nearly  identical  four  branches  !0>  I5,  i10,  and  l20  (l0  being  the  current  in  the  service  entrance 
‘branch’,  with  a length  of  0).  Thus,  the  voltage  developed  by  this  750  A current  across  100  Q 
would  simply  be  expected  to  be  75  000  V (seventy  five  thousand  volts).  We  say  “would  be 
expected”  because,  of  course,  the  insulation  level  of  a real-world  low-voltage  insulation  cannot 
withstand  such  a voltage.  The  result  of  this  theoretical  case  is  another  illustration  of  the  theme 
“More  Begets  Less,”  according  to  which  a high-amplitude,  steep-front  surge  cannot  propagate 
in  branch  circuits  because  a flashover  will  occur  at  the  origin  [Mansoor  et  al.,  19981. 


Currents  in  branches:  Time  in  milliseconds,  peaks  in  amperes  Voltages  at  nodes:  Time  in  milliseconds,  peaks  in  volts 
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Figure  6 - Currents  and  voltages  for  the  baseline  case  of  100  Q loads  without  SPDs 

Figure  7 shows  the  example  of  two  PCs,  one  at  the  end  of  the  5-m  branch  circuit,  the  other  at 
the  end  of  the  10-m  branch  circuit:  the  surge  current  is  shared  (unequally)  between  the  two 
capacitors,  with  a corresponding  decrease  of  the  voltage  level  at  each  DC  link,  and  also  a 
reduction  of  the  voltage  at  the  open  end  (unprotected)  of  the  20-m  branch  circuit.  This  example 
shows  the  beginning  of  the  “PCs  Galore  !”  effect.  Several  intermediate  and  further  steps  were 
modeled  by  adding  combinations  of  surge-mitigating  devices  to  build  our  case  file  and  confirm 
the  expected  effects,  but  we  will  spare  the  reader  from  a tedious  recitation. 

The  results  shown  in  Figure  6 call  for  several  comments: 

• The  unequal  division  of  the  currents  l5  and  l10  reflects  the  effect  of  the  larger  impedance  of  the 
10-m  branch  circuit,  compared  to  the  5-m  branch  circuit. 

® Substantial  mitigation  is  obtained  at  the  nodes  V5  and  V10,  as  a result  of  the  filter-like  action 
of  the  line  inductance  and  the  capacitance  of  the  PC  power  supply. 

• The  voltage  surge  developed  at  the  node  V0  propagates,  unabated,  to  the  end  of  the  open- 
circuited  20-m  branch  circuit,  a reminder  that  the  notion  of  voltage  surges  being  attenuated 
as  they  propagate  in  building  wiring  [DEC  Report  664,  1980]  was  incorrect. 
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Figure  7 - Currents  and  voltages  for  the  case  of  two  PCs  without  SPDs 


The  voltage  results  are  especially  worth  noting,  in  the  context  of  what  a power  quality  monitor 

would  report  in  such  an  installation,  depending  upon  its  point  of  connection. 

• From  the  (impossible)  high  voltages  of  the  100  Q baseline  (no  SPDs),  the  voltage  that  would 
be  recorded  by  a monitor  installed  at  the  service  entrance  is  now  reduced  to  “only”  1960  V. 

• A voltage-only  monitor  installed  at  the  point  of  use  of  the  power  (typical  selection  of  point  of 
installation  in  many  surveys),  namely  the  two  receptacles  at  5 m and  10  m feeding  the  PCs, 
would  report  respectively  510  V and  290  V,  creating  the  illusion  (fallacy ) that  there  is  no 
significant  surge  activity  at  these  points. 

• In  reality  a current  surge  l5  of  nearly  2000  A is  carried  by  the  PC  rectifier  into  the  capacitor, 
via  a line  fuse.  Such  a high  current  — undetected  by  a voltage-only  monitor  — could  very 
well  be  fatal  for  the  rectifier  or  the  input  fuse,  or  for  the  capacitor  of  the  PC  power  port.  Such 
failures  were  found  in  post-mortems  of  equipment  recently  performed  at  PEAC.  That 
scenario  is  also  what  occurred  in  the  experimental  test  of  Section  3 for  a 4 kV  open-circuit 
voltage  and  capacitor-MOV  combination  (shown  in  next-to-last  row  of  Table  1). 


4.2  Modeling  PCs  Galore 

As  a grand  finale  for  illustrating  our  major  theme,  the  case  of  an  increasing  number  of  PCs  was 
modeled,  with  each  of  the  PCs  connected  at  the  end  of  a dedicated  branch  circuit,  with  all  branch 
circuits  having  the  same  length  of  20  m,  still  with  the  10-m  long  service  drop  driving  a 3 kA 
current  surge  into  the  installation. 

Table  2 shows  the  resulting  voltages  at  the  service  entrance  and  at  the  point  of  connection  of  the 
PCs,  as  well  as  the  imposed  impinging  cuirenl  and  the  lesulling  currents  in  the  individual  power 
ports  of  the  PCs.  Indeed,  the  effect  is  linear  with  increasing  numbers  of  PCs,  and  the  resulting 
decrease  in  the  voltages  expected  to  be  reported  by  a power  quality  monitor  installed  at  the  point 
of  use  is  quite  apparent. 


Table  2 - Effect  of  an  increasing  number  of  connected  PCs 


Number 

of 

Impinging  current 

(A) 

Current  at  PC  port 
(A) 

Voltage  at  service  entrance 
(V) 

Voltage  at  PC  point  of  use 
(V) 

1 

3000 

3000 

5600 

790 

2 

3000 

1500 

2800 

400 

5 

3000 

600 

1200 

160 

10 

3000 

300 

570 

79 

Inspection  of  the  table  shows  that  the  effect  is  practically  proportional  to  the  number  of  PCs  in 
use  in  the  installation.  While  we  have  used  the  short  acronym  of  PC  in  the  title  and  preceding 
discussions,  the  proliferation  that  we  observe  is  not  limited  to  PCs,  but  includes  many  electronic 
appliances,  such  as  home  entertainment,  heating  and  air  conditioning  with  adjustable  speed  drive, 
that  use  a DC  link  with  large  energy-storage  capacitor. 


5.  Action  Items 

The  customary  closure  of  a paper  is  to  list  conclusions.  However,  in  this  case  we  suggest  action 

items  for  industry,  rather  than  academic  conclusions: 

• The  examples  given  here  clearly  show  that  the  fallacy  of  little  surge  activity  can  be  created 
by  limiting  power  quality  measurements  to  voltage  surges.  With  undetected  current  surge 
activity,  users  of  electronic  appliances  will  be  puzzled  by  unexplained  failures  in  the  face  of 
reports  of  little  voltage  surge  activity. 

® We  offer  the  explanation  that  these  unexplained  failures  are  likely  to  be  associated  with 
the  (heretofore  not  characterized)  surge  current  delivery  capability  of  the  environment. 

Such  failures  could  have  been  avoided,  had  designers  been  better  informed. 

• With  our  leading  theme  now  solidly  established,  questions  arise  about  what  to  do  about  it. 
This  matter  requires  the  dedicated  attention  of  both  manufacturers  and  users  of  power  quality 
monitoring  instruments. 

• Unfortunately,  more  than  three  years  after  beginning  the  crusade  to  overcome  the  fallacy  of 
limiting  surge  measurements  to  voltage  surges  [Martzioff,  1995],  there  is  no  commercially 
available  power  quality  monitor  capable  of  characterizing  the  energy-delivery  capability  of 
a surge  event. 

• Worse  yet,  among  the  international  delegates  to  an  EEC  working  group  chartered  to  develop  a 
standard  on  measurement  of  power  quality  parameters  (which  is  likely  to  dominate  the  design 
of  future  monitoring  instruments),  there  are  some  claims  being  made  that  “a  current  surge  is 
not  a power  quality  parameter”  and  therefore  it  should  not  be  included  in  the  emerging 
standard  prescribing  measurements  methods.  This  misconception  needs  to  be  corrected. 

• Therefore,  the  crusade  must  be  pursued  with  perseverance,  and  it  is  the  goal  and  hope  of  the 
auihors  that  sufficient  recognition  uf  the  fallacy  will  eventually  cieate  a market  demand  for 
appropriate  instruments,  which  forward-looking  manufacturers  may  have  developed  or  may 
be  in  the  process  of  developing  in  anticipation  of  such  recognition. 


155 


7.  Bibliography 

ANSI/Lhhb  C62.41-1995,  IEEE  Recommended  Practice  on  Surge  Voltages  in  Low-Voltage  AC  Power 
Circuits. 

Dorr,  D.,  “Point  of  Utilization  Power  Quality  Results,”  IEEE  Transactions  IA-31 , No. 4,  July/August 
1995. 

EPRI,  “Electromagnetic  Transient  Program  (EMTP),”  Version  2.0;  Volume  1;  Main  Program: 

Volume  2:  Auxiliary  Routines,  EPRI  Report  EL-642 1 -L,  July  1989. 

EEC  Report  664-1980  (sic)  Insulation  coordination  within  low-voltage  systems  including  clearances  and 
creepage  distances  for  equipment , 1 980. 

IEC  64/ 1034/CD,  General  basic  information  regarding  surge  overvoltages  and  surge  protection  in  low- 
voltage  a.c.  power  circuits.  Committee  Draft,  1998. 

Key,  T.S.  and  Martzloff,  F.D.,  “Surging  the  Upside-Down  House:  Looking  into  Upsetting  Reference 
Voltages,”  Proceedings,  PQA'94  Conference,  1994. 

Lai,  J.S.  and  Martzloff,  F.D.,  “Coordinating  Cascaded  Surge  Protection  Devices:  High-Low  versus  Low- 
High,"IEEE  Transactions,  IAS-29  No.4,  July/August  1993. 

Lindes,  G.,  Mansoor,  A.,  Martzloff,  F.D.,  and  Vannoy,  D.,  “Surge  Recordings  that  Make  Sense  — Joule 
Deposition:  Yes  ! - ‘Joule  Content’:  Never  !”  Proceedings,  PQA  '97  Conference,  1997 

Mansoor,  A.,  Martzloff,  F.D.,  and  Nastasi,  D,  “Applying  Reality  Checks  to  Standards  on  the  Surge 
Environment,”  Proceedings,  23rd  International  Conference  on  Lightning  Protection,  Florence, 
September  1 996 

Mansoor,  A.  and  Martzloff,  F.D.,  “Driving  High  Surge  Currents  into  Long  Cables:  More  Begets  Less,” 
IEEE  Transactions  PWRD-12,  July  1997. 

Mansoor,  A.  and  Martzloff,  F.D.,  “The  Effect  of  Neutral  Earthing  Practices  on  Lightning  Current 
Dispersion,”  IEEE  Transactions  PWRD-13,  July  1998. 

Martzloff.  F.D.  and  Gauper.  H.A..  “Surge  and  High-Frequency  Propagation  in  Industrial  Power  Lines,” 
IEEE  Transactions  IA-22,  July/August  1986. 

Martzloff,  F.D.  and  Leedy.  T.F.,  “Selecting  Varistor  Clamping  Voltage:  Lower  Is  Not  Better!” 
Proceedings,  1989  Zurich  International  EMC  Symposium,  1989. 

Martzloff,  F.D.  and  Lai,  J.S.,  “Cascading  Surge-Protective  Devices:  Coordination  versus  the  IEC  664 
Staircase,”  Proceedings,  PQA  91  Conference,  1991. 

Martzloff,  F.D.,  “Keeping  up  with  the  Reality  of  Today’s  Surge  Environment,”  Conference  Proceedings, 
Power  Quality  Solutions,  Intertech  Pub.,  Ventura  CA,  USA,  September  1995. 

Martzloff,  F.D.,  Mansoor,  A.,  Phipps,  K.,  and  Grady,  W.M.,  “Surging  the  Upside-Down  House: 
Measurements  and  Modeling  Results,”  Proceedings,  PQA  ’95  Conference,  EPRI,  1995. 

Martzloff,  F.D.,  “Surge  Recordings  that  Make  Sense:  Shifting  Focus  from  Voltage  to  Current 
Measurements,”  Proceedings  EMC '96  ROMA  Symposium,  Rome,  September  1996. 

UL  Std.  1449,  Transient  Voltage  Surge  Suppressors,  Second  Edition,  1996. 


156 


I 


On  the  Dispersion  of  Lightning  Current 
After  a Direct  Flash  to  a Building 


Frangois  JVlarteSoff 

National  Institute  of  Standards  and  Technology 
Gaithersburg  MD  20899  USA 
f.  martzloff@ieee.org 


Reprinted  with  permission  from  Proceedings,  25h  International  Conference  on  Lightning  Protection,  Rhodes,  2000 


Significance: 

Part  2 Development  of  Standards  - Reality  checks 
Part  4 Propagation  and  coupling  of  surges 

Comparison  between  two  simplified  modeling  studies  of  the  dispersion  and  a documented  case  of  the  complexity  of 
a direct  flash  to  a residence. 

Reservations  on  the  justification  of  very  high  stress  requirements  for  SPDs  are  expressed  in  a discussion,  followed 
by  a proposal  to  encourage  more  information  sharing  on  the  subject 
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Abstract:  Simplifications  often  made  when  simulating 
the  dispersion  of  lightning  current  can  yield  results 
that  depart  too  much  from  the  complex  reality  of  a 
direct  lightning  flash  to  a building.  The  unpredictable 
occurrence  of  side-flashes  increases  even  more  the 
complexity.  Such  simulations,  if  taken  at  face  value, 
might  lead  to  unrealistic  specifications  for  service- 
entrance  surge-protective  devices  (SPDs).  A real-world 
anecdote  illustrates  both  the  complexity  and  a case 
where  an  SPD  with  only  modest  ratings,  compared 
with  some  present  proposals,  provided  satisfactory 
protection  on  the  power-port  appliances  of  a residence. 

Key  Words:  Lightning  current  dispersion,  side- 
flashes^  surge-protective  devices 


1.  INTRODUCTION 

Recent  discussions  among  participants  in  the 
development  of  surge-protection  standards  have  shown  a 
lack  of  consensus  on  the  possible  scenarios  concerning- the 
dispersion  of  the  lightning  current  when  a direct  flash  to  a 
building  is  involved.  Skepticism  has  been  expressed  both 
on  the  simulation  of  available  paths  for  the  dispersion,  and 
on  the  magnitudes  and  waveforms  postulated  for  the 
resulting  currents  flowing  in  the  conductive  elements  of  the 
installation  — especially  the  service  entrance  surge- 
protective  devices  (SPDs).  Note  that  the  skepticism  does 
not  aim  at  the  parameters  of  the  lightning  flash  itself,  which 
have  been  accepted  now  for  many  years  [1],  but  at  the 
simulation  conclusions  concerning  requirements  for 
service-entrance  SPDs  with  very  high  current-handling 
capability. 

Another  objection  has  been  that  the  distinction 
between  a building  equipped  with  a lightning  protection 
system  (air  terminals,  down-conductors  and  earthing 

system),  on  tho  one  hand,  and  a building  without  such  a 

system,  on  the  other  hand,  might  be  misleading. 


Every  building  that  contains  electrical  circuits  (power 
or  communications),  electrically-conducting  mechanical 
elements,  metallic  structures,  etc.,  has  a de  facto  lightning 
‘protection’  system  of  intended  or  unintended  air  terminals 
and  down-conductors  — except  that  their  connection  to  the 
earthing  system  might  have  unpredictable  and  unwanted 
side  effects. 

As  an  input  toward  developing  consensus,  this  paper 
reviews  in  a first  part  two  examples  of  simulations  that  have 
been  performed  by  others,  and  in  a second  part  relates  a 
real-world  anecdote  of  a corroborated  case  of  a direct  flash 
to  a residence. 

2.  SIMULATING  DISPERSION 
2.1  Examples  of  simulations 

A Joint  Working  Group  of  the  International  Electro- 
technical Commission  (IEC)  has  recently  developed  a 
Technical  Report  on  surge  protection  [2].  This  four-year 
effort  involved  the  participation  of  five  IEC  Technical 
Committees  interested  in  the  subject.  The  data  base 
considered  by  the  group  included,  among  many  sources, 
two  published  papers,  identified  in  the  Bibliography  of  the 
report,  authored  independently  by  members  of  the  group. 

In  both  studies,  a 10/350  ps  waveform  was  postulated, 
and  a time-invariant  earthing  resistance  and  inductance 
were  postulated.  Currents  in  the  available  paths  to  earth 
and  voltages  at  selected  points  of  the  systems  were 
computed.  For  the  purpose  of  this  paper,  three  figures  only 
are  reproduced  here  for  a qualitative  glimpse  on  the  results. 

Figure  1,  simplified  from  Ref  [2],  shows  the  nature  of 
circuit  components  and  configuration:  two  buildings  and  the 
distribution  transformer  linked  by  a cable  in  a linear 
arrangement.  The  point  of  strike  is  Building  1 . The  detailed 
numerical  values,  which  are  given  In  the  referenced  paper, 
are  not  significant  for  this  comparison  of  the  two  studies. 
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Figure  2 shows  examples  of  the  computed  waveforms 
for  currents  at  selected  points  of  the  Figure  1 circuit,  from 
top  to  bottom  : the  postulated  stroke  current,  the  current 
exiting  Building  1 via  the  power  supply  cable,  the  current 
in  the  earthing  impedance  of  the  building,  and  the  current 
in  the  service-entrance  SPDs  of  Building  2 resulting  from 
the  surge  that  is  now,  for  Building  2,  an  impinging  surge. 


Figure  2 • — Current  dispersion  for  Figure  1 


The  numerical  values  are  not  significant,  but  the 
waveforms  are.  The  current  exiting  the  building 
has  the  same  waveform  as  that  of  the  stroke.  The  earthing 
current  (Heading)  has  an  initial  peak,  due  to  the  additional 
inductance  of  the  power  supply  cable;  in  the  long  term,  the 
inductive  effect  disappears,  and  the  current  division  simply 
reflects  relative  values  of  the  available  earthing  resistances. 

In  contrast  with  Figure  1 where  the  buildings  are  strung 
along  a power  supply  cable.  Figure  3,  from  Ref  [3],  shows 
a radial  configuration  of  three  buildings,  each  supplied  by 
its  own  service  drop,  with  all  three  connected  directly  to  the 
terminals  of  the  common  distribution  transformer 
Varistor-type  service-entrance  SPDs  are  provided  for  each 
building.  The  transformer  and  each  building  have  their 
own  earthing  electrode  connection,  represented  by  a fixed 
resistance  and  an  inductance. 


The  radial  service  drops  also  consist  of  a resistance  and 
an  inductance,  not  drawn  in  the  figure,  but  modeled  in  the 
computation  according  to  the  20-m  length  of  each  radial 
drop.  The  point  of  strike  of  the  flash  is  the  earthing  system 
of  Building  1 (to  which  the  neutral  is  bonded). 


Figure  3 — Buildings  configuration  and  resulting 
currents,  according  to  Mansoor  (Ref  [3]) 


The  significance  of  citing  these  two  independent 
studies,  separated  by  an  ocean,  by  two  different  languages 
used  by  the  authors,  and  by  two  different  simulation 
programs,  is  that  quite  compatible  conclusions  were 

reached  after  exchanging  information,  first  across  Uic  table 

during  IEC  working  group  meetings,  then  later  on,  via 
intensive  e-mail  messages,  as  a working  relationship 
blossomed  in  spite  of  logistics  barriers.  This  important 
point  will  be  elaborated  further  in  Section  7 of  this  paper. 
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With  hindsight,  it  appears  predictable  that  the  initial 
current  dispersion  (the  first  ten  microseconds)  should  be 
strongly  influenced  by  the  relative  values  of  the  postulated 
inductances,  and  the  later  dispersion  by  the  relative  values 
of  the  postulated  (time-invariant)  earthing  resistances. 

2.2  Involvement  of  service-entrance  SPDs 

The  results  of  these  simulations  show  that  the  stresses 
imposed  on  the  service-entrance  SPDs  that  become 
involved  in  dispersing  the  part  of  the  lightning  current 
toward  remote  earthing  electrodes  of  the  power  distribution 
system  will  reflect  the  relative  values  of  the  earthing 
impedances.  These  stresses  also  vary  with  the  postulated 
current  waveform,  ranging  from  the  short  8/20  ps  long-used 
for  designing  SPDs,  to  the  more  recent  proposed  10/350  ps 
and  finally  to  the  seldom-considered  continuing  current 
within  a multiple-stroke  flash. 

Performing  these  simulations  was  not  a futile  exercise 
but  provided  insight  on  the  influence  of  significant 
parameters.  However,  among  end-users,  this  complexity 
of  postulates  decreases  the  credibility  of  defining  SPD 
requirements  on  the  basis  of  simulations,  giving  a greater 
credibility  to  field  experience  of  widely-used  SPDs  that 
have  demonstrated  satisfactory  performance  over  many 
years. 

3.  SIDE  FLASH 

One  event  that  contributes  to  the  complexity  and 
uncertainty  of  lightning  current  dispersion  is  the  possible 
occurrence  of  a side-flash.  A side-flash  can  establish 
unexpected  paths  to  earth,  with  two  consequences  that 
extend  beyond  the  consideration  of  service-entrance  SPD 
stresses  — the  motivating  concern  for  this  paper. 

® The  side-flash  itself  can  have  hazardous  consequences 
by  acting  as  an  igniter,  as  will  be  told  in  the  anecdote 
of  Section  4. 

• The  side-flash  can  cause  currents  to  flow  along 
conductive  paths  within  the  installation,  thereby 
coupling  transient  overvoltages  in  the  circuits  of  the 
installation,  by  common  path  or  by  induction. 

Of  course,  the  latter  has  the  same  end-result  as  what 
the  bonding  applied  to  avoid  the  side  flash  will  produce, 
except  for  its  unpredictability. 

4.  FROM  SIMULATIONS  TO  REALITY 
4.1  Setting  the  stage 

To  illustrate  the  credibility  gap  that  separates  reality 
from  simplified  representations,  the  following  story  should 
be  narrated: 

....  Once  upon  a time,  in  a far-away  land  (Upstate  New 
York,  U.S.A.)  there  lived  an  engineer  who  was  recording 
surges,  writing  papers  and  presenting  tutorials  on  surge 
protection,  including  the  need  for  good  bonding  practices. 


This  engineer  had  bought  a house  from  the  previous 
owner  who  had  lived  many  happy  years  there  without  any 
problem,  so  that  our  engineer  made  the  (unwarranted) 
assumption  that  the  house  and  its  electrical  wiring  were  in 
good  order.  The  house  was  surrounded  by  several  tall, 
mature  trees  so  he  thought  that  the  cone  of  protection  from 
the  trees  would  benefit  the  house.  Alas  ! All-knowing  Zeus 
recognized  that  this  engineer  needed  to  be  taught  a lesson 
on  reality  and  thus  sent  a downward  stepped  leader  toward 
the  general  area  of  the  engineer’s  house  ... 

By  now,  dear  readers,  you  have  guessed  that  our 
mythical  engineer  is  none  but  the  author  of  this  paper  ... 
who  will  now  offer  this  true  story  for  your  edification. 
First,  the  "where"  : Figure  4 shows  a simplified  (here  we 
go  again  ...)  topology  of  the  house,  a two-story  wood  frame 
with  basement  and  attic.  Utilities  (power,  telephone,  and 
cable  TV),  all  entered,  via  overhead  service  drops,  at  the 
rear  of  the  house,  while  water  and  sewer  underground 
pipes  were  at  the  front  of  the  house.  The  telephone  system 
was  not  involved  in  the  incident  and  therefore  is  not  shown 
in  the  figure.  The  power  installation  included  the  usual 
revenue-meter  (outside)  and  service  panel  (inside)  with 
circuit  breakers  controlling  a multitude  of  branch  circuits. 
Only  three  are  shown  in  the  figure:  lighting  fixture  in  the 
attic,  TV  on  the  second  floor,  and  a counter-top  receptacle 
( via  ground-fault  interrupter)  for  the  kettle  ( ©in  Figure  4 ) 
silting  on  the  enamelled  cast-iron  kitchen  sink.  (The 
significance  of  this  detail  will  surface  shortly.) 
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Water  service  and  indoor  piping  were  alt  copper,  with 
a bond  between  the  ground  bus  of  the  service  panel  and  the 
nearest  cold-water  pipe . There  was  no.  visible  grounding 
conductor  to  a ( non-existent ) made-electrode , but  the 
perception  existed  that,  given  the  vintage  of  the  house 
( circa  1920),  the  water  piping  was  sufficient,  in  addition  to 
the  multiple- grounded  neutral  of  the  power  company. 

Upon  moving  in  the  house,  l had  installed  in  the 
service  panel  a surge  arrester  (circa  1965  vintage ) 
consisting  of  a silicon-carbide  disk  in  series  with  a 
stamped-metal  air  gap.  The  cable  TV  sendee,  as  originally 
installed  by  the  utility,  only  had  a 50-cm  long  picket 
allegedly  serving  as  “ground”.  Having  been  exposed  to 
the  concept  of  bonding,  1 had  installed  a bond  between  the 
picket  and  the  nearby  outdoor  water  faucet.  A very  passive 
— but  soon  to  become  active  — part  of  the  installation  was 
the  typical  sewer  system  made  of  lead-bonded  cast-iron 
pipe  extending  a to  vent  through  the  roof  and  connected  to 
the  street  sewer,  still  with  cast-iron  pipes  and  thus  offering 
the  topology  of  a well-grounded  air  terminal,  albeit  below 
the  peak  of  the  roof.  But  1 am  getting  ahead  of  myself,  as 
1 had  never  considered  this  vent  as  a lightning  air  terminal, 
since  the  house  was  surrounded  by  taller  trees  and  thus 
“ obviously ” within  their  cone  of  protection. 

4.2  Zens’  wrath 

Now  for  the  “When"  and  “How”  : On  the  day  when 
the  tale  unfolded,  my  wife  (the  corroborating  eye-witness) 
and  / were  standing  in  the  kitchen,  listening  to  the 
approaching  thunder  and  watching  the  big  drops  of  rain 
just  beginning  to  splash  on  the  window.  Then,  a bright 
flash  outside,  with  an  immediate,  deafening  thunderclap, 
and  also  we  both  saw  a small  flash  under  the  kettle.  “That 
was  a close  one  ” we  both  said,  whereupon  / proceeded  to 
check  all  appliances  in  the  house.  Several  were 
inoperative,  but  a check  of  their  branch  circuit  breakers 
revealed  that  they  had  tripped,  and  resetting  them  restored 
order.  The  only  one  that  did  not  work  was  the  old  TV  set, 
although  there  was  no  evidence  of  severe  damage  or 
burned  smell,  and  we  considered  ourselves  lucky  — until 
a smell  from  the  attic  attracted  my  attention:  the  ceiling  of 
the  attic  (which  was  covered  by  cellulose-base  panels)  was 
smoldering  l 

Fortunately  — and  not  by  accident  — a handy  fire 
extinguisher  allowed  me  to  quench  the  smoldering,  while 
my  wife  called  the  fire  department.  To  their  credit,  they 
were  in  front  of  the  house  within  minutes.  1 told  them  that 
/ believed  that  the  fire  extinguisher  had  done  the  job; 
nevertheless,  one  fireman  proceeded  to  climb  on  a ladder 
to  the  attic  window  and  hacked  it  away  to  let  the  smoke 
out,  while  another  entered  the  house,  pushing  me  aside, 
with  a high  power  water  hose  in  tow  — which  fortunately 
he  did  not  turn  on.  After  ripping  several  of  the  ceiling 
panels  to  verify  that  the  fire  Meed  was  out,  the  firemen 
left,  with  our  emotional  thanks  and  the  applause  of  the 
neighbours  gathered  in  front  of  the  house. 


4.3  The  homeowner’s  epilogue 

• One  obsolescent  TV  receiver,  which  was  not  repaired, 
but  catalysed  the  purchase  of  a new  and  upgraded  set 
(missing  the  opportunity  to  do  an  extensive  post- 
mortem as  in  the  “Case  of  the  Cozy  Cabin?'  [4]). 

• Several  hundred  dollars  expended  to  repair  the  window 
destroyed  by  the  firemen,  install  a splice  on  one  attic 
rafter  weakened  by  charring,  and  replacing  the  ripped 
panels. 

• After  recovering  from  die-  shock,  a realization  of  how 
lucky  to  have  been  in  the  house  at  the  time  of  the 
incident,  and  glad  for  the  foresight  of  having  a fire 
extinguisher  on  every  floor  of  the  house  ! 

4.4  The  engineer’s  epilogue 

Such  a traumatic  experience  called  for  an  investigation 
of  the  incident.  The  first  observation  was  that  the  previous 
owner  had  installed  insulation  between  the  attic  rafters, 
stapling  the  aluminum  foil  of  the  bats  to  the  rafters,  but  not 
overlapping  them  across  the  edges  of  the  rafters.  This 
arrangement,  concealed  by  the  panels,  created  several  gaps 
along  the  S-m  distance  separating  the  sewer  vent  pipe  from 
the  light  fixture  at  the  apex  of  the  attic,  but  reducing  the 
total  gap  to  a few  centimetres  — an  easy  side-flash 
scenario,  resulting  in  the  ignition  of  the  dust  and  surface 
fuzz  of  the  rough-from-sawmill  rafters. 

The  second  observation,  a few  days  after  the  incident, 
was  to  notice  a small  rust  spot  on  the  kitchen  sink  where  the 
kettle  usually  sat:  there  was  a small  hole  in  the  otherwise 
good-condition  glaze,  exposing  the  underlying  cast  iron: 
The  flash  seen  under  the  kettle  (©)  was  the  cause  of  the 
enamel  puncture;  several  kilovolts  must  have  been  required 
to  break  down  the  series-connected  insulation  of  the  heating 
element  inside  the  kettle,  and  the  porcelain  glaze  of  the 
sink.  The  electronic  ground-fault  circuit  breaker  controlling 
the  receptacle  had  to  be  reset,  but  it  was  not  damaged,  and 
subsequent  use  of  the  kettle  did  not  cause  it  to  trip,  so  we 
concluded  that  the  brief  breakdown  of  the  insulation  of  the 
heating  element  was  not  a massive  event. 

The  immediate  action  was  to  install  a bond  between  the 
sewer  vent  pipe  and  all  extraneous  metal  in  the  attic.  The 
long-term  effect  on  the  engineer  was  a consciousness- 
raising  on  the  issue  of  surge  protection  of  multiple-port 
appliances,  even  though  a bond  had  been  provided  between 
the  incoming  cable  TV  service  and  the  power  system  [5].  At 
that  time,  the  concept  of  the  surge-reference  equalizer  [6] 
had  not  yet  surfaced,  and  no  commercial  device  was 
available  to  provide,  that  function.  In  fact,  the  proliferation 
of  plug-in  surge-protective  devices  launched  by  the 
introduction  of  metal-oxide  varistors  had  not  yet  occurred. 

A casual  inspection  of  tH©  fist  sized  surge  orrodtei  at 

the  service  panel  showed  no  distress,  an  indication  of 
adequate  design  for  the  rare  scenario  of  a direct  strike  to  a 
building  [7]. 
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This  arrester  used  only  a 30-mm  diameter  silicon 
carbide  disk  as  varistor,  which  most  likely  would  be 
destroyed  by  the  high-energy  lightning  surges  presently 
considered  or  recommended  by  some  IEC  committees. 
(Sorry,  the  house  has  changed  owners  and  an  exhaustive 
test  on  that  particular  surge  arrester,  desirable  as  it  would 
be  in  retrospective,  is  not  possible.) 

The  attic  side-flash  ((D  in  Figure  4)  clearly  indicated 
that  the  sewer  vent  pipe  was  the  point  of  strike  (CD),  raising 
the  question  of  why  the  tall  trees  failed  in  their  expected 
mission  of  establishing  an  effective  cone  of  protection. 
Perhaps  one  explanation  might  be  that  during  the  initial  part 
of  the  rainfall,  the  still-dry  trees  could  not  emit  a successful 
competing  upward  streamer,  compared  to  the  well- 
grounded  cast-iron  pipe.  Comments  from  lightning  physics 
experts  on  this  speculation  would  be  welcome. 

Thus,  our  engineer  had  learned  his  lesson,  and  lived 
happily  without  further  incident  for  fifteen  more  years  in 
the  far-away  land.  However  one  cannot  say  ‘lived  happily 
ever  after’  : After  moving  to  a new  home  further  South, 
one  night  a nearby  Eghtning  flash  triggered  a burglar  alarm 
(which  had  to  be  pried  open  to  silence  the  hom  turned  on 
by  a failed  semiconductor,  at  02:00  am  no  less)  and 
damaged  a remote-control  garage  door  opener:  Zeus  had 
still  kept  track  of  the  battle-hardened  surge-protection 
engineer,  but  that  is  another  story  ... 

5.  FROM  REALITY  TO  SIMULATION 

Among  several  investigations  based  on  rocket- 
triggered  lightning,  the  ongoing  effort  at  Camp  Blanding  in 
Florida,  U.S.A.  is  aimed  at  injecting  a lightning  current  at 
specific  points  of  the  replica  of  a residential  power  system. 
Initial  results  (1997)  were  inconclusive  because  of 
instrumentation  problems,  but  as  these  are  progressively 
overcome,  more  definitive  information  becomes  available. 
Actually,  the  most  recent  report  [8]  provides  so  many  raw 
measurement  results  that  an  effort  of  synthesis  will  be 
necessary  to  gain  a better  understanding  of  the  issues. 

The  major  advantage  of  such  systematic  projects  over 
a random  recitation  of  anecdotes  could  be  the  possibility  of 
going"  from  a real-world  configuration  to  a sufficiently 
detailed  numerical  representation  of  the  circuit  parameters. 
A cross-validation  of  the  measurement  results  and  of  the 
simulation  results  would  then  significantly  increase  the 
credibility  of  both,  and  lead  to  realistic  designs  and  ratings 
for  SPDs. 

The  challenge,  of  course,  will  be  to  represent  enough 
of  the  many,  many  parameters  involved  in  the  real  world 
but  not  so  many  as  to  make  the  simulation  model 
unmanageable.  For  instance,  the  real-world  situation  of 
the  anecdote  already  simplified  in  Figure  4 — with  the 
ill-defined  bonds  and  side-flashes  — would  be  difficult  to 
turn  into  a manageable  and  credible  simulation. 


6.  DISCUSSION 

The  simplified  assumptions  on  lightning  current 
dispersion  illustrated  in  Section  2 have  met  with  some 
skepticism  among  the  North- American  surge-protection 
community  and  perhaps  others.  Part  of  this  skepticism  is 
also  based  on  the  relatively  rare  occurrence  of  massive 
failures  for  secondary  arresters  (distribution  transformer 
secondary  terminals  and  residential  service  entrance) 
designed  to  withstand  the  “classical”  8/20  ps  or  4/10  ps 
surges,  at  crest  levels  of  a few  to  a few  tens  of  kiloamperes. 
Furthermore,  the  two  simulations  cited  in  Section  2 were 
based  on  the  assumption  that  earthing  electrodes  have  a 
constant  resistance  during  the  flow  of  the  lightning  current, 
an  assumption  that  is  questioned  on  the  basis  of  preliminary 
results  of  measurements  made  in  Florida  in  connection  with 
triggered  lightning  experiments  [8]. 

In  contrast  with  these  simplified  scenarios,  the  real- 
word  anecdote  would  be  a challenge  for  any  numerical 
modelling  but  demonstrates  evidence  of  substantial 
overvoltages  developed  in  the  installation  (insulation 
puncture  at  the  kettle)  during  the  flow  of  this  undetermined 
lightning  current  dispersion  among  the  complex  available 
paths  to  earth.  The  anecdote  also  offers  an  example  of  a 
surge  arrester  with  modest  current-handling  capability 
surviving  the  scenario  of  a direct  strike  to  a building. 

A symptom  of  the  incomplete  consensus  is  the 
noticeable  lack  of  a discussion  of  risk  analysis  in  the  report 
developed  by  the  IEC  Joint  Working  Group  [2].  This  topic 
was  initially  included  in  the  document  outline,  raising 
high  expectations,  but,  confronted  with  incompatible 
proposals,  the  group  gave  up  on  that  initiative.  The 
proposed  methodologies  ranged  from  elaborate  and  detailed 
mathematical  formulae  — which  turned  out  to  be  using 
somewhat  arbitrary  postulates  — to  common-sense,  almost 
intuitive  considerations. 


7.  A PROPOSAL  FOR  THE  DISPERSION 
OF  LIGHTNING  INFORMATION 

In  a 1963  freedom-seeking  speech  that  still  resonates 
today,  the  mantra  "1  have  a dream"  was  coined.  On  a much 
more  modest  scale,  the-  author  has  a dream  of  unfettered 
information-sharing  on  lightning.  Having  cited  the 
preceding  examples  of  developing,  but  still  incomplete, 
consensus  on  the  dispersion  of  lightning  current,  here  is  the 
proposal  (or  is  it  a challenge  ?):  Hopefully  helpful  timely 
participation,  on  a world-wide  basis  via  electronic  mail 
could  supplement  — not  compete  with  — the  established 
routes  for  information  sharing,  at  a much  accelerated  pace. 
We  are  still  mostly  in  a mode  of  developing  standards  — 
a notoriously  slow  process  — by  volunteers  or  delegates 
often  hampered  by  travel  budgets,  or  of  publishing  peer- 
reviewed  papers  — unquestionably  a wise  process,  but 
entailing  long  delays  between  generation  and  ultimate 
publication  of  the  information. 
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This  process  of  information  dispersion  might  take  one 
of  the  many  forms  by  which  the  Internet  has  revolutionised 
information  sharing.  Should  this  paper  be  accepted  for  oral 
presentation  at  the  Conference,  the  author  would  propose 
to  make  only  a very  brief  summary  of  the  paper  itself  — 
available  to  all  in  print  — and  make  me  of  the  scheduled 
presentation  time  for  a cross-pollination  of  ideas  among  the 
attendees  (much  superior  to  the  one-on-one  poster  process) 
on  how  to  implement  the  proposal,  bringing  reality  to  the 
dream.  Pessimists  will  point  out  hurdles  such  as  the 
requirement  of  “previously  unpublished  information”  for 
later  acceptance  of  an  archival  paper  reporting  research  on 
the  subject,  or  the  understandable  modesty  of  researchers 
who  want  to  be  sure  that  the  work  is  complete  before 
publishing  even  preliminary  results,  and  so  forth.  Optimists 
will  find  ways  to  by-pass  these  hurdles  and  broaden  an 
early  consensus. 

8.  CONCLUSIONS 

« While  there  is  no  disagreement,  or  at  least  very  little 
skepticism,  on  the  specific  parameters  of  the  lightning 
discharge,  consensus  on  the  implications  of  lightning 
current  dispersion  for  the  rating  of  surge-protective 
devices  has  not  yet  been  reached. 

• Anecdotal  information  offered  in  many  countries  on 
their  experience  with  service  entrance  surge-protective 
devices  having  moderate  handling  capability  suggests 
that  the  proposed  ratings  for  very  high  duty  levels 
might  be  unnecessary  and  not  cost-effective,  unless  a 
convincing  risk  analysis  demonstrates  otherwise. 

• Information  dispersion  on  these  issues  could  be  greatly 
enhanced  by  establishing  an  informal  and  time- 
sensitive  world-wide  site  (in  parallel,  not  in  conflict 
with  more  formal  procedures),  which  the  author  is 
prepared  to  undertake  if  encouraged  and  supported  by 
colleagues  in  the  Lightning-protection  community. 

9.  REFERENCES 
9.1  Genera! 

Many  publishing  organizations,  in  their  instructions  for 
the  peer-review  process,  raise  the  question  “Are  references 
adequate  to  show  knowledge  of  work  by  others?”  or  words 
to  that  effect.  While  undoubtedly  a valid  question,  the 
result  is  sometimes  a lengthy  recitation  of  up  to  several 
hundred  citations,  which  seems  an  overkill. 

Standard-writing  organizations  have  evolved  the 
concept  of  differentiating  between,  on  the  one  hand 
“ References ” — a listing  of  documents  that  are  made  an 
integral  part  of  the  standard  by  a ritual  introductory 
statement,  and,  on  the  other  hand,  siSatwm  — - in  the  form 
of  a “Bibliography”  with  or  without  annotations. 


For  this  paper,  “References”  are  limited  to  the  strict 
minimum  necessary  to  support  a particular  point  being 
made.  To  illustrate  where  extensive  listing  of  “references” 
might  lead,  a literature  search  was  conducted  with 
“lightning”  as  a leading  key  word,  and  next  with  one 
additional  word.  The  results  are  listed  below,  showing  the 
number  of  "hits”  found  for  the  period  of  just  1969-1999  — 
the  accessible  on-line  data  base  did  not  include  Benjamin 
Franklin's  seminal  letters  to  the  Royal  Society  on  lightning 
protection  of  houses  and  the  Purfieet  munitions  storage  [9]. 


Lightning 
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Lightning  + surge 

2348 

Lightning  + current 

3306 

Lightning  + damage 

1130 

Lightning  + protection 

6349 

Lightning  + arrester 

1816 

Lightning  + earth  + electrode 

139 

These  numbers  show  that  it  would  be  unrealistic  for  a 

single  researcher  to  examine  in  detail  the  contents  of  fifteen 
thousand  papers.  Injecting  the  concerted  filtering  and 
sharing  action  of  today’s  active  researchers  into  a readily 
accessible  data  base  — the  author’s  dream  — would  be  a 
great  improvement. 
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Alphabetical  order  by  first  author  --  See  Part  1 for  a listing  of  all  the  citations  of  the  SPD  Anthology, 
including  Part  1 through  Part  8 


ANDERSON,  L.M.  and  BOWES,  K.B.,  “The  Effects  of  Power-line  Disturbances  on  Consumer  Electronic  Equipment,” 
IEEE  Transactions  PWRD-5,  No.2,  April  1990. 

• Experimental  study  of  the  immunity  of  typical  electronic  equipment  to  sags  and  surges. 

• Surges  applied  were  not  the  ANSI  C62.41,  but  a 100  or  300  pS  pulse,  presumably  open-circuit  voltage. 

• Surges  of  1000  V (open-circuit  voltage  of  generator)  did  not  cause  any  failure  of  PCs. 

BACHL,  H.,  MARTZLOFF,  F.D.  and  NASTASI,  D , “Using  Incandescent  Lamp  Failure  Levels  for  Assessment  of  the 
Surge  Environment,”  Proceedings,  12th  International  Zurich  Symposium  on  Electromagnetic  Compatibility,  1997. 

• Shows  failure  mechanisms  and  levels  by  electrical  measurements  and  with  high-speed  video  recording. 

• 120-V  lamps  can  fail  in  the  range  of  800  V to  1200  V,  depending  on  waveshape  and  phase  angle. 

• Makes  the  point  that  surges  are  unlikely  to  occur  frequently  at  levels  above  the  failure  level  of  lamps. 

• 5 references 

BARTKOWIAK,  M.,  COMBER,  M.G.,  and  MAHAN,  G.D.,  “Failure  Modes  and  Energy  Absorption  Capability  of  ZnO 
Varistors,”  IEEE  Transactions  PWRD-14,  January  1999. 

• Simulation  of  varistor  behavior  under  current  pulses  of  various  magnitudes  and  duration. 

• Comparison  with  experimental  results. 

• Demonstrates  that  energy-handling  capability  is  not  a constant,  but  depends  on  intensity  and  duration. 

• 14  references,  1 discussion 

FENIMORE,  C.  and  MARTZLOFF,  F.D.,  “Incompatibility  Between  the  100/1300  Surge  Test  and  Varistor  Failure 
Rates.”  Proceedings,  9lh  International  Zurich  Symposium  on  Electromagnetic  Compatibility,  1991 

• Numerical  computations  of  the  energy  deposition  associated  with  a proposed  IEC  standard  indicate  that  massive 
failure  of  ubiquitous  metal-oxide  varistors  should  occur  - but  they  do  not. 

• The  proposed  test  was  eventually  removed  from  the  menu  of  IEC  EMC  test  methods. 

• 10  references 

FENIMORE,  C.  and  MARTZLOFF,  F.D.,  "Validating  Surge  Test  Standards  by  Field  Experience:  High-Energy  Tests 
and  Varistor  Performance,"  IEEE  Transactions  IA-28  No. 6,  December  1992.  (First  publication  in  Conference  Record, 
IEEE/IAS  Annual  Meeting,  Oct.  1990). 

• Computer  modeling  of  the  resulting  current  and  energy  deposition  into  typical  varistors  subjected  to  the  C62.41 
10/1000  ps  waveform  and  proposed  IEC  100/1300  ps  waveform. 

• Yields  a prediction  of  failure  for  the  small  varistors  and  survival  for  the  larger  varistors. 

« Because  small  varistors  do  not  fail  in  the  field  at  the  rate  that  is  predicted  by  the  model  of  the  IEC  waveform,  the 

conclusion  is  that  stresses  associated  with  this  proposed  waveform  make  it  unrealistic. 

• 15  references 

FISHER,  F.A.  and  MARTZLOFF,  F.D.,  "Transient  Control  Levels:  A Proposal  for  Insulation  Coordination  in  Low- 
Voltage  Systems,”  IEEE  Transactions  PAS-95,  No.  1,  Jan/Feb  1976. 

« Proposes  an  approach  parallel  to  that  of  the  BIL  concept  for  high-voltage  system. 

• First  published  version  of  a test  circuit  for  100  kHz  Ring  Wave. 

• 12  references,  3 discussions 

GOEDDE,  G.L.,  KOJOVIC,  Lj.A.,  and  WOODWORTH,  J.J.,  “Surge  Arrester  Characteristics  that  Provide  Reliable 
Overvoltage  Protection  in  Distribution  and  Low-Voltage  Systems,"  Proceedings,  IEEE-PSE  Summer  Meeting,  Seattle 
WA,  July  2000. 

• Describes  field  experience  of  arresters  designed  in  accordance  with  IEEE  Std  C62.1 1-1999. 

• Concludes  that  tests  with  a 10/350  ps  waveform  are  not  necessary. 

• 11  references 

KEY,  T.3.,  MARTZLOFF,  F.D.,  WITT,  R.,  MAY,  J.,  <aud  BLACK,  3.,  “Dcvclupiny  a Cui isui i iei -Oi it;i lied  Guide  utl 

Surge  Protection,”  Proceedings,  PQA’97  North  America,  1997. 

• Progress  report  on  the  development  of  a tutorial  on  surge  protection. 

• Presents  the  need  for  “intersystem  bonding"  at  the  entrance  of  power  and  communications  utilities. 

• Brief  discussion  of  the  need  for  surge  reference  equalizers. 

• 6 references 


MAC  IE  LA,  F.,  “Energetic  Design  and  EDF  Distribution  Network  Experience  of  MV  Metal  Oxide  Surge  Arresters,” 
CIGRE  SC33.95  (1995  Colloquium). 

« Field  experience  of  EDF  on  700  000  arresters. 

• Failure  rate  lower  (1/4)  than  calculated  in  Rousseau,  1989  (CIRED). 

MANSOOR,  A.,  MARTZLOFF,  F.D.,  and  NASTASI,  D.,  “Applying  Reality  Checks  to  Standards  on  the  Surge 
Environment,”  Proceedings,  23?  International  Conference  on  Lightning  Protection,  Florence,  1996. 

• Shrinking  surge  recording  occurrences  explained  by  proliferation  of  SPDs. 

• Applying  equipment  failure  rates  to  assess  the  surge  environment. 

• Limits  to  pushing  surges  into  branch  circuits. 

• 19  references 

MANSOOR,  A.  and  MARTZLOFF,  F.D.,  “Driving  High  Surge  Currents  into  Long  Cables:  More  Begets  Less,”  IEEE 
Transactions  PWRD-12,  No. 3,  July  1997. 

e Measurements  and  modeling,  validating  each  other,  show  the  physical  impossibility  for  large  surge  currents  to 
propagate  very  far  into  the  branch  circuits  of  a building,  because  flashover  will  occur  at  the  service  entrance. 

• Demonstrates  the  importance  of  considering  the  maximum  rate  of  rise  (early  in  the  surge)  rather  than  an  average 
derived  from  the  peak  value  and  overall  rise  time. 

• 13  references 

MANSOOR,  A.  and  MARTZLOFF,  F.D.,  “The  Effect  of  Neutral  Earthing  Practices  on  Lightning  Current  Dispersion  in 
a Low- Voltage  Installation,”  IEEE  Transactions  PWRD-13,  July  1998. 

• Compares  the  TN  and  TT  for  dispersion  of  lightning  current  in  several  scenarios. 

• Shows  the  need  for  careful  review  of  grounding  practices  in  effect  at  service  entrances. 

• Questions  the  applicability  of  high  amplitude,  long  duration  requirement  for  service  entrance  SPDs. 

9 20  references 

MANSOOR,  A.  and  MARTZLOFF,  F.D.,  "The  Dilemma  of  Surge  Protection  vs.  Overvoltage  Scenarios:  Implications 
for  Low-Voltage  Surge-Protective  Devices,"  Proceedings,  8th  International  Conference  on  Harmonics  and  Power 
Quality,  Oct  14-16,  1998,  Athens,  Greece. 

• Three  examples  of  temporary  overvoltage  conditions  that  can  produce  failure  of  SPDs. 

• The  significance  of  available  fault  current  and  the  need  for  more  explicit  standards. 

9 17  references 

MANSOOR,  A.,  MARTZLOFF,  F.D.,  and  PHIPPS,  K.,  “The  Fallacy  of  Monitoring  Surge  Voltages:  SPDs  and  PCs 
Galore!”  Proceedings,  EPRI  PQA'99  Conference,  May  1999 
9 Experimental  measurements  of  effective  mitigation  by  multiple  SPDs. 

9 Numerical  simulation  of  the  effect  of  proliferating  SPDs  and  PCs. 

9 Calls  for  an  industry-wide  reassessment  of  surge  monitoring  parameters. 

9 20  references 

MARTZLOFF,  F.D.  and  FISHER,  F.A.,  “Transient  Control  Level  Philosophy  and  Implementation,”  Part  1:  The 
Reasoning  Behind  the  Philosophy,”  Proceedings,  2nd  Symposium  on  Electromagnetic  Compatibility,  Montreux,  1977. 
9 Presents  the  concept  of  testing  low-voltage  equipment  patterned  on  the  high-voltage  BIL  concept. 

9 Techniques  and  equipment  for  making  TCL  tests. 

• 10  references 

MARTZLOFF,  F.D.,  "Varistor  Versus  Environment:  Winning  the  Rematch,”  IEEE  Transactions  PWRD-1,  No.  2,  April 
1986. 

9 Staged  test  of  capacitor  switching  on  remote  MV  side  produces  ring  waves  on  low-voltage  load. 

9 Coordination  between  3 kV  and  480  V varistor-based  SPDs. 

9 5 references,  1 discussion 

MARTZLOFF,  F.D.,  "Testing  Varistors  Against  the  VDE  0160  Standard,”  Proceedings,  Open  Forum  on  Surge 
Protection  Application,  NISTIR-4654,  August  1991. 

9 Reports  tests  performed  with  a prototype  100/1300  surge  generator,  resulting  in  failure  of  the  ubiquitous 
9 20-mm  diameter  varistors,  hence  demonstrating  that  the  proposed  standard  is  unrealistic. 

« 9 references 

MARTZLOFF,  F.D.  and  PELLEGRINI,  G.,  “Real,  Realistic  Ring  Waves  for  Surge  Testing,"  Proceedings,  9th 
International  Zurich  Symposium  on  Electromagnetic  Compatibility,  1991. 

9 Reports  measurements  on  the  propagation  of  oscillatory  waves  in  typical  low-voltage  circuits,  as  opposed  to  the 
unidirectional  waves  initially  defines  for  high-voltage  power  systems. 

9 Shows  how  impinging  unidirectional  surges  can  produce  oscillatory  waves  responses. 

® 17  references 
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MARTZLOFF,  F.  D.,  “On  the  Dispersion  of  Lightning  Current  after  a Direct  Flash  to  a Building,"  Proceedings,  25?h 
International  Conference  on  Lightning  Protection,  Rhodes,  2000. 

• Computer  modeling  of  the  current  dispersion  among  available  paths  to  ground. 

• Comparison  between  proposed  SPD  ratings  based  on  computer  modeling  and  field  experience. 

• 9 references 

MEISSEN,  W.,  “Uberspannungen  in  Niederspannungsnetzen"  [Overvoltages  in  low-voltage  networks],  ETZ  Bd  104, 
1983. 

• The  seminal  paper  proposing  a long  waveform  with  extremely  high  energy-deposition  capability,  leading  to  the 
development  of  German  Standard  DIN  0160. 

RICHMAN,  P , “New  Fast-Transient  Test  Standards  Inadvertently  Permit  Overstressing  by  as  much  as  600  Percent," 
EMC  Test  and  Design,  Vol.2,  No. 5,  Sept/Oct  1991. 

• Points  out  ambiguities  in  the  test  procedures  described  in  IEC  EFT  standard. 

ROUSSEAU,  A.,  “ Requirements  for  Rating  of  MV  Zinc  Oxide  Surge  Arresters  on  EDF  Distribution  Networks,"  CIRED 
1989 

• Design  of  ZnO  MV  arresters  based  on  statistics  of  lightning  current  magnitude  and  tail. 

• Sharing  of  current  between  many  arresters  as  well  as  the  number  of  lightning  strike  per  year  and  per  km  of 
overhead  line  are  used  in  calculations. 

• Design  based  on  an  energy  requirement  converted  in  lab  into  a 4/10  standard  waveshape 

• 1 3 references 

SMITH,  S.B.  and  STANDLER,  R.B.,  “The  Effects  of  Surges  on  Electronic  Appliances,"  IEEE  Transactions  PWRD-7, 
No. 3,  July  1992. 

• Clocks,  TV  receivers,  and  switching  power  supplies  were  subjected  to  surges  from  0.5  kV  to  6 kV. 

• The  switching  power  supplies  and  television  receivers  were  damaged  with  surges  from  4 kV  to  6 kV. 

• Three  of  five  models  of  digital  clocks  were  upset  with  surges  from  1 .6  kV  to  6 kV. 

• The  conventional  wisdom  that  electronic  appliances  are  easily  damaged  by  surges  with  a peak  voltage  of  a few 
kilovolts  greatly  exaggerates  the  effect  of  surges  on  modern  consumer  appliances. 

• 15  references 

STANDLER,  R.B.,  "Development  of  a Performance  Standard  for  Surge  Arresters  and  Suppressors,"  Proceedings, 
IEEE  1991  International  Symposium  on  Electromagnetic  Compatibility. 

• Some  critical  issues  in  the  development  of  a performance  standard  for  surge  arresters  and  suppressors  for  use 
on  low-voltage  mains  are  discussed. 

• Describes  a series  of  electrical  tests  to  determine  the  safety  and  adequacy  of  surge  protective  devices. 

• 4 references 

STANDLER,  R.B.,  “Calculation  of  Energy  in  Transient  Overvoltages,"  Proceedings,  IEEE  EMC  Symposium,  1989 

• Shows  that  using  the  integral  of  V^/SOGdt  to  compute  energy  in  a surge  is  invalid. 

• A quantitative  error  analysis  is  presented  that  uses  an  artificial  AC  line  network  to  simulate  a long  branch  circuit 
and  to  give  the  impedance  of  the  AC  line  as  a function  of  frequency. 

• A method  for  measuring  energy  dissipated  in  a varistor  is  advocated  for  use  in  future  experiments. 

• 18  references 

STANDLER,  R.B.,  “Standards  for  Surge-protective  Devices  for  Connection  to  the  Low-voltage  Ac  Supply  Mains  in  the 
USA,”  Proceedings,  Lightning  Protection  92  - Buildings,  Structures  and  Electronic  Equipment  Conference  and 
Exhibition,  1992. 

• Review  of  major  standards  in  the  USA  for  low-voltage  AC  power  surge-protective  devices  prepared  for 
presentation  at  a Europea-based  forum. 

• Since  it  is  clear  that  international  standards  are  greatly  preferable  for  both  manufacturers  and  users,  the  US 
position  [in  1992]  on  the  IEC  SC37A  drafts  is  also  briefly  reviewed. 

• 9 references 

VANCE,  E.F.,  NANEVICZ,  J.E.,  and  GRAF,  W.,  “Unification  of  Electromagnetic  Specifications  and  Standards,” 
Defense  Nuclear  Agency  Report  DNA  5433F- 1,  Washington  DC,  1980. 

• Describes  the  need  for  dual  capability  of  a test  generator  to  adapt  inherently  to  the  impedance  of  the  EUT,  even 
durino  the  surge  event 
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